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5 ‘ SYNOPSIS

Lot o The basic data on the flow stress of metals and alloys are of vital importance to the practical
3 . R plastic working operation, While many measurenients have been made at room temperature, there
. " exist, apart from those on common steels, remarkably few number of thorough data for the hot working '
Lo temperature range, because the flow stress there is influenced not only by strain and temperature
R . ‘ but also by strain rate, and consequently the determination of the flow stress becomes prohibitively
' . S - difficult.” ' . ‘
o R For this reason, the authors have developed compression type of high temperature-high speed
B ' ' ~ testing machines specially suited for flow stress measurement, i.e., a cam-plastometer and a drop~
v I . hammer type, and by overcoming several difficulties involved in this kind of experiment, measured
the flow stress of widely used materials (twenty-one non-ferrous metals and alloys and forty-nine
steels) in the hot working temperature range of each material and in the strain rate range 0. 1-650 sec™.
The results of the experiments that had extended over the period between 1951 and 1966 have
_ been presented in the form of data sheet, and a discussion on the behavior of the flow stress thus
o obtained has been given. ‘
: In Part 1, a description has been given of each of the’ testing machines, and several technical
] : aspects of the experiment such as the methods for maintaining a constant strain rate and measuring
v ' load and strain in a high speed experiment, the effects of oxidation, dimensions, directionality, and
: temperature changes, of the specimen, the effect of friction at the contact surface, etc. have also been
g discussed. at, Mg ,77 . L, iy, 7 .
In Part 2, the flow _stress of non-ferrous metals- and alloys in ordinary use, obtained in the strain LAl
rate range 0.1-650sec™? %z'd up tthhe strain of 0.8, has been dis 1 sed. The temperature range
. explored is —75 to @igfof aluminium, 200 to 500°C for duralumin. —75 to 300°C for zing, 18 to
~ Mg 500°C for magnesium, and 18 to 900°C_for titanium, copper and its alloys. “‘ :
In general, the flow stress of these fnaterials decreases with increasing temperature and increases
‘ with increasing strain rate. It has been ascertained that an Arrhenius type of equation holds be-
. tween the flow stress and absolute temperature and that the flow stress is proportional to a power
’ of strain rate. However, when plastic deformation is accompanied by precipitafion, phase changes,
recrystallization, etc., the flow stress changes-in a complex manner with temperature, strain, and strain
rate: the flow stress versus temperature curves for copper-tin and copper-zinc alloyvsv exhibit a stress.
peak, and there exists a temperature region in which the flow stress increases with increasing tem-
perature. £S, S5 . B ) L, )
< 5S In Part 3, the flow stress of carbon, high strength, low alloy, and staipless steels; measured in the
E>, strain rate range 0.2-650sec™! and in the temperature range 800-1200°C, ‘has Deen discussed. In
particular, in the case of 0.15% carbon and 189 Cr-8% Ni ;t}inless StEG‘IS which were considerad
representative of the above steels, the temperature range has been extended to 0-1200°C.
e Under normal conditions, the flow stress of these steels also obey an Arrhénius "equation and a
' Y strain rate-power law. Likewise the flow stress is influenced by many other factors: the flow stress-
temperature curve for a 0.15% carbon steel exhibits three stress peaks; one due to ageing between
200 and 400°C, one due to a phase change around 800°C, and the other of an unknotvn origin around
_ , 1000°C. - ' _ S
.- o . In Part 4, to facilitate application, all the experimental results have been summarized in the form
e L of stress-strain curves with temperature and strain rate as parametersJ
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'

INTRODUCTION

The flow stress of metals and alloys is a vitally ifnportant factor controlling the working -

force during plastic deformation, and its knowledge is very useful in that

(1) compared with the conventional criterion based on mere experience, a reasonable
working schedule can be set up, such as the determination of reduction per pass, working
speed and temperature of, say, a rolling process, consequently enablmg enhanced production
and reduced cost. :
(2) plastic deformation efficiency can be determined, and room for improvement will be
located. :

(3) damage to tools can be prevented by the knowledge of the necessary working force
and the load limit the tools can withstand. In addition a predxctlon can be made on the

degree of abrasion of tools.

(4) design and performance data of tools and various types of equipment can be obtained.
*  These account for only part of the benefits arising from the knowledge of the flow stress.

In general, the flow stress of metals and alloys depends not only on the properties of the
materials themselves such as quality and thermal history, but also on the éo;iditions under
which deformation takes place, such as environment, stress distribution, strain rate, and
tempemture

The flow stress at room temperature, especially at low strain rates of the order of
1072 sec™?, has been extensively studied for most metals and alloys. Except in a few cases
such as lead in which recrystallization proceeds at room temperature, the influence of strain
rate on the flow stress at low temperatures is so small that an extrapolatxon of low strain rate
data can be made to high strain rates. . : .

At high temperatures, however, the flow stress is influenced by a competition between two
mutually opposing tendencies, i.e., work hardening due to deformation and softening due to
recrystallization. Thus the behavior of the flow stress is dependent on a combination of strain
rate and temperature, and it is impossible to isolate the effect of one from that of the other.
Moreover, temperature-enhanced phenomena such as diffusion, precipitation, and phase changes
all contribute to strain rate sensitivity in a complex manner and add various features to the be-
havior of the flow stress. Consequently the flow stress at high temperatures canriot be estimated
from those measured for different materials and/or working conditions, but must be measured
under the actual conditions of interest. :

In order for the measured flow stress to serve as useful data for practlcal applications,
it must satisfy the following requirements: o

(1) it should be reported as a true flow stress. In this connection, one must distinguish
between an apparent flow stress and a true fow stress. The former is an apparent flow stress
which containes several other contributions such as frictions between the tools and the specimen,
internal, losses due to stress other the true stresses under consideration, etc., while the latter
is the uniaxial yielding stress, the kind treated in the theory of plasticity. In other words,
an apparent flow stress applies only under a given condition and for a given process,
where-as a true stress can be applied to the general mode of plastic working processes.

(2) strain rate should remain constant during the flow stress measurement. This condition

[
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is not met in practice. To take an example from a rolling process again, the strain rate be-
comes maximal at the entrance to the roll or in its vicinity, begins to decrease along the roll

bite, and finally becomes zero-at the outlet. Similarly in drawing and forging processes, the - -

strain rate changes at various stages of deformation. _ :

In taking measurements, it would, therefore, be desirable to reproduce these variations in
strain rate that are characteristic of each working method. However, the dependence of strain
rate on the working method and condition is so complicated that it is impossible to cover all
the cases of practical interest. For this reason, the common procedure of applying the experi-
mental results to practice is to introduce an average strain rate for a given process and adopt
the experimental flow stress measured a a strain rate equal to this average.

(3) the range of strain must be wide enough to cover the range which is encountered
in the actual working process. With a few exceptional cases such as extrusion in which
reduction per stroke is extremely large, the actual strain does not exceed 50%. Measurements
should, therefore, be made at least to this limit. ’ T

(4) the strain rate and temperature of experiment should be systematically varied over
the range of practical interest. If they differ appreciably from those existing under the actual
operation, no realistic interpolation can be made of the data to the domain of actual working
conditions. ' :

Very few previous investigations satisfy all four of these requirements. To the author’s
knowledge, only five complete cases may be cited. ' '

In 1955 Inoue®~® measured the flow stress of fifteen steels (from low carbon steels to
stainless steels) in the temperature range 800-1200°C and in the strain rate range 1-10%sec™,
using two types of tensile testing machine. The flow stress-strain curves were determined
in which the maximum strain realized was 0.25, and a general relation between flow stress,
strain rate, and temperature was established for the conditions of practical interest.

In 1954 Alder and Phillips?~2 measured the flow stress of aluminium (temperature range :
—190 to 550°C), copper (18 to 900°C), and 0.17% carbon steel (930 to 1200°C) in the strain
rate range 1-40sec™! and up to a strain of 0.5 using a cam-plastometer.

In 1957 measurements were taken by Cook("® on twelve steels in the strain rate range
1-100 sec~! and in the temperature range 900-1200°C and up to a strain of 0.5.

In 1959-60 Arnold and Parker®~® determined the flow stress of aluminium and five
aluminium alloys &t temperatures between 300 to 550°C and at the strain rates 1, 10, 20 and
30sec™! by means of a cam-plastometer. : ‘ '

In 1963-64 Bailey and Singer®~% carried out plane strain compression tests and obtained
flow stress-strain curves for several non-ferrous metals and alloys, at various temperatures (Al:
22-600°C, Al-5.7% Zn alloy: 400-550°C, Al-4.2% Cu alloy : 300-500°C and Pb: 22-300°C),
with strain rates being chosen from 04, 2, 9, 41, 101, 203 and 311sec™ ‘

In all of these measurements, interest was restricted to only a few kinds of materials,

i.e., mainly steels, and many materials of industrial importance including non-ferrous metals

and alloys have received very little attention. .

Since practically all metals and alloys must undergo plastic deformation in one form or
another before they become products, it is of scientific as well as industrial importance to collect
basic data on the flow stress of widely used materials and clarify the influence of temperature
and ‘strain rate upon the flow stress. : : -

In the present investigation the flow stress of commonly used materials including non-

ferrous metals and high alloy steels has been carefully measured as a function of temperature

5
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and strain rate, the purpose being to provide fundamental data that may be applied to the
actual plastic working operation. Attempts have also been made to establish general relations

“between flow stress, strain rate and temperature. = The experimental results that will be. . .

presented in this paper have been accumulated in our laboratory since 1951.

PART 1. EXPERIMENTAL APPARATUS AND METHOD

1.1 EXPERIMENTAL APPARATUS

~

1.1.1 Testing Machines

The data obtained will not be of much practical value unless the strain rates used in the
measurement cover the range of those enconuntered in the actual working operation. Except
in a few cases such as a high speed-high energy process, most practical strain rates are of the
order of 1-500sec™. - Even during hot working, in which the influence of strain rate is
large, the rates seldom exceed 100sec™’. Therefore, most measurements were made in the
range of 1-100sec™ with the provision that this range could be extended to 0.1-650 sec™!
when a more extensive study of the influence of strain rate and temperature was required.

Widely used material testing machines allow strain rates of the order of 1073-107" sec™.

These are too slow to meet the requirements set down for the present investigation, and

consequently a special type of testing machine had to be constructed. ,

Among the conventional types of impact testing machine are Lueg’s®~® drop hammer type,
Charpy’s or Izot’s pendulum type, Nadai’s"” fly wheel type, pneumatic or oil pressure type,
and explosive forming type. However, since no single type can produce the necessary range
of strain rate alone, the strain rate range was dividéd into two parts: below 100sec™, a
cam-plastometer was used, and above 100 sec” !, a drop hammer type of compression testing
machine was used. , .
" In the following, a description will be given of each of these two types of testing machine.
1.1.1.1 Cam-plastometer _

This is a special type of compression testing machine designed by Orowan<~® in 1950,
and is capable of maintaining a constant strain rate. The cam-plastometer used in the present
experiment is similar to Orowan’s except for a few modifications. Fig. 1-1"is a schematic
diagram of this machine. The machine consists of the frame and driving parts. The former
comprises a crosshead, a plunger, and a cam, and the latter a speed change gear, a clutch, and
an electric motor. ‘

By combining a cam having an included angle of 36° or 72° with a two-step speed changer,
any strain rate in the range of 0.1-100sec™ can be produced. :

The main features of this machine are as follows.

Maximum capacity 15 tons

Strain rate ‘ 0.1-100sec™!. Stepless speed change.

"~ "Constant strain rate. '
Maximum strain 0.8 in natural strain (0.5 in conventional strain)
Specimen 12mm diax 18 mm height and 8x12.

For high temperature measurements, the specimens were compressed in a sub-press which
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Speed Change

Gear Box

Fly Wheel

756

Specimen

minimize heat losses (Fig. 1-2).

features are:
Height of the machine
Effective distance of drop
Hammer
Anvil
Specimen

1852

7

is made of heat-resistant alloys such as S-816, Inc

1.1-1-2 -Drop-Hammer Type of Impact Testing Machine
This machine is a compression type in which the energy
the free drop of a hammer. Fig. 1.3 is a schematic diagram of this machine. The main

Fig. 1.2 Sub-press.

- 9m

8m

25 and 50 kg

3.5 tons

12 mm diax 18 mm

Fig. 1-1 Cam-plastometer for the Flow Stress Measurement. Strain Réate Range: 0.1~100sec™.

height and 15X 22.5

onel, and 25% Cr-20% Ni steel so as to

for compression is generated by

e
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Flg 1.3 Drop -Hammer Type of Testmg Machine.
Weight of Hammer 25, 50kg, Maximum
Strain rate 700 sec-.

1-1-1.3 Characteristics of the Testing Machines used

Among the many requirements for. an ordinary type of testing machine, the most
important for flow stress measurement is the constancy of strain rate. This point will be
discussed for each of the machines used. )

a. cam-plastometer »

It is a device for producing a constant strain rate. For its proper performance, the
compression stroke prescribed by the -cam must be exactly followed. In this connection the
following three defects need be eliminated.

1) The compression load can cause loosening of and elastic deformation in the components
of the machine.

2) Insufficient flywheel energy gives rise to a variation in the angular speed of the cam
at the compression stage. :

- 8) At the initial moment of compression, the impact load springs the plunger and con-
sequently the cam curve cannot be accurately followed for lack of contact between the cam
and the plunger o _ .

8

i

i
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- large as 360 mm, necessitating installation of

~and 5% Cr steel were strained at the strain
“rates of 0.13 and 100 sec™’. The maximum tons Load.
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Fig. 1-4 is the measured interval change between the two compression plates as a func-
tion of the load that was applied to the plates by means of an oil jack. The displacement
amounts to 0,084 mm for a 15 ton load, corresponding to 0.7% strain for the smaller speci-
men. Unless the test material is extremely 2
hard, the contribution from 1) can safely be )
neglected. Moreover, though the compression 80 - A
plate interval in this case was taken to be as i /V ]

60 /Q\f '
the oil jack, this interval does not exceed /g“’
65mm in actual flow "stress measurements. 10 : 7"—\5
Accordingly the elastic deformation is expected 2 //; v

to be sufficiently small and not a serious // ~

problem. o . 0 g g 10 12 14 16
For the estimation of the contributions , Load tons.

f(.)mnf 2) ar}d 3) ’ co.n ipression test.s .Were carried Fig. 1-4 Displacement Between the Compression
out in which specimen of aluminium, copper, Plates of the Cam-Plastometer, Maxi-
mum Displacement : 0.084mm fora 15

Displacement

load applied were 4, 13 and 25 tons for aluminium, copper, and 5% Cr steel, respectively.
For the aluminium and copper specimens the strain rate remained constant: the 59 Cr steel
specimen, on the other hand, exhibited an appreciable change in strain rate when the load
exceeded 13 tons. Since the present experiment was designed for the maximum load of 10
tons and the maximum load of 25 tons used in the case of 5% Cr ‘steel was well beyond

the limit of the testing machine 15 tons, it Sec™!
was concluded that corrections for 2) and 3) H=7m
Were Uunnecessary. <400 c . ]
. .- 200C i
b. drop hammer type of testing machine 55m \ u { bl
With this type of testing machine it is
a known fact that the strain rate does not
stay constant during the whole stage of de- 300 :
formation. That is, the strain rate changes 4m \
b
de/dt=const. & 2.5m
=
‘s 200 3
n .
3
= 1m
=
£ 'Y k j
& 100 |
0 2 10 60 %
 Strain © Natural Strain
(2) (b) ' .

Fig. 15 (a), 1:5(b) Strain Rate-Strain Relation. (a) with Weight of Hammer as a Parameter, (b) with
Height of Fall as a Parameter.
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from a maximum at the moment of impact to zero when deformation ceases.
It is possible, however, to produce a constant strain rate at least in some region of strain.

Fig. 1.5 (a) shows how the strain rate changes with the weight of hammer, the distance of fall

being constant. When the hammer weight is small (W,), the strain rate begins to decrease .
in the early stages of deformation, and as the hammer weight increases (W; to W), the
region of constant strain rate also increases. When the hammer weight exceeds a certain
critical value (W3), the strain rate goes through a maximum which is larger than the initial

value, and no relatively constant strain rate region exists any longer. The critical values for -
the total strain and the strain region for constant strain rate were approximately 0.7 to 0.8

and 0 to 0.35 or 0.4, respectively.

Lueg et al also observed the existence of such a constant strain rate region and reported
its magnitude to be 0-0.35 which is in good agreement with the present result.

1.1-2 Measuring Instruments

In determining the flow stress, three
quantities must be continuously known: the
applied load, the amount of deformation, and
the time. The short time involved in the case
of a high strain rate experiment demands the
use of electronic or optical sensing instruments
and not mechanical ones.

Fig. 1.6 shows the arrangement of the

measuring instruments used in the present

experiment. A capacitor strainmeter was used
for the measuring of load. For the measure-
ment of strain, a photo-electric tube was used
with the drop hammer type of testing machine,

Camera -

Oscilloscope

[4) [s) [<) [ )
and a capacitor strainmeter similar to the one D.C Amplifier Sweep o it| | Transducer D'CAmplifief
for load measurement was used ‘with the Q (I? T T T T T T
cam-plastometer. The time was measured by o p— 3 R 55
meéans of the intensity modulation of a Capacitor Trigger | | Quartz Phot o-Electric|

Strain meter Circuit Osillator | [Tube.
cathode-ray tube. -
. .. Load - .. Time Strain
All the above three quantities were DC Measurement ~ Sweep Circuit  Measurement  Measurement
Circuit Circuit Circuit

amplified and fed into an oscilloscope and
recorded by a 35 mm camera.
1.1.2.1 Load Measuring Instrument
©As mentioned above, a capacitor strain-
meéter was used for this purpose. This has a
high sensitivity and the error arising from the
deformation at the sensing part can be practi-
cally eliminated by increasing the rigidity there.
Fig. 1.7 shows the load measuring instru-

Fig. 1.6 Arrangement of the Measuring Instruments.

Specimen

=3-Cooling Water

I._ _] MCapacite®TT* D.C *J~
Strainmeter| Ampllf:eu
e L e e

=

ment used in conjunction with the drop ham- 304 .
mer type of testing machine. The detector ‘Electrode * Insulator
. Plate '
forms part of the specimen holder and has . ‘
.. Fig. 1.7 Apparatus for Load Measurement.
two electrode plates mounted on the inside. Drop-Hammer)
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Upon application of a force to the specimen, the decrease of the electrode ‘separation results
in a change in capacity, which is transmitted on a 3 Mc carrier and finally FM detected.

The greatest difficulty encountered during measurement is the vibration which shows up
on the recorder and is primarily due to the mechanical vibration of the load measuring
instrument. To avoid this the natural-frequency of the detector must be sufficiently high.
Therefore, the part of the specimen holder that was likely to be the source of vibration was
made rigid by an epoxy resin. ‘ '

The electrode chamber was sealed to avoid any change of sensitivity due to oxidation of
the electrodes. " _ ’

The upper part of the specimen holder was water cooled to minimize thermal expansion

" at the electrode gap either due to ambient temperature changes or due to heat coming from

the specimen. »
The load measuring instrument of the cam-plastometer is shown in Fig. 1-8, the principle
of which is the same as that for the drop hammer type of testing machine.

6 //
: . ' 40 /
‘i_/_ + ;IA /
o S
Capacitanée ]
20 30 40 .
. “ | 60 70 80 .
Electrode ‘ /1 )
Plate P .
Insulator . Upper Crosshead / —Used Range o
40
J L 2, Cooling / —pA
Water / .
i . / 60
lr _
Fgi. 1.8 Apparatus for Load Measurement. Fig. 1-9 Characteristic of the Capacitor

(Cam-Plastometer) : ©+  Strainmeter.

Fig. 1-9 represents the characteristics of the capacitor strainmeter, i.e., the output cur-
rent as a function of the capacitance of a standard placed at the position of the detector. In

actual measurement of the flow stress the linear region between the capacitance change and

the current was used. ‘

The effect of ambient temperature changes on the sensitivity of the strainmeter was
investigated in the temperature range of 5-30°C. There was a shift of zero point observed
but no change in the sensitivity. T e
1.1.2.2 Strain Measuring Instrument

In the case of a drop hammer type of testing machine, strain was indirectly determined
from the displacement of the hammer, assuming that the hammer was always in contact with

11
. ;
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the specimen during the deformation stage. A schematic diagram is shown in Fig. 1.10, in
which the light from a source lamp passes through a first lens to produce a parallel bundle,

travels through a slit and a hammer slit, where it is subsequently collected by a second lens . .

and finally enters a photo-electric tube. The displacement of the hammer gives rise to a
change in the amount of light reaching the photo-electric tube.
'7[/Upper Crosshead

“;“i;*_ﬁ ,._5_.1 —Connector
D.C Amplif + Ok =
Photo D.C Amplifier Leeo -3
;. Hammer [ 2 i 1 P
Lens Slit Tube ® @O.L to Recording JH - Load Cell ™ Detector
Battery =t © (}_ Oscillogragh f i
= L L o i Anvil
Light = i ] riatan Plunger
lo o 1
Specimen Cathode Follower
Amplifier
Fig. 1.10 Apparatus for Strain Measurement. ’ Fig. 1-11 Apparatus for Compression Strain
(Drop-Hammer) Measurement.

In using a photo-electtic tube, correction must be made for luminous intensity changes
both before and after a measurement so as to eliminate the effect of long-term drift.
Because of these difficulties associated with the use of a photo-electric tube, a capacitor
strainmeter was used for the case of a cam-plastometer experiment in which the strain rate
_is rather small. The detector part is shown Displacement
in Fig. 1.11. o
1-1-2-3 Time Signal

The intensity modulation of an oscillo- g
scopé was used as the time signal. A sine ]
wave generated by a quartz oscillator was T
- Q o
transformed to a square wave, and this was 35
fed fo the first grid of a cathode ray tube.
1-, 5-, and 10 ke quartz oscillators were
used according to the magnitude of strain rate . ;
" to be measured ‘ : Time (10sec)
1.1.2.4 Recor (ier o Fig. 112 Load & Displacement-Time Curve.
3 » Testing Machine......... Drop-Hammer
Recordlng of the wave form on a 5 Specimen ...uuveeievenennes
.- cathod ray tube screen was made on 35 mm . Hammer Weight..
X-ray films. Examples are shown in Fig. 1.12 Height of Fall
. . . . - X Axis ...
in which the compression load and displacement Y, Axis

were fed into the Y; and Y. deflection plates. Y, Axis

1.2 EXPERIMENTAL CONDITIONS

1-2.1 Heating of the Specimen and Temperature drops During Measurements

. For the high temperature measurements, the specimens were heated in a furnace main-
tained at the test temperature for a given length of time.” The holding time must be as short
as possible to avoid oxidation but still long enough for there to be no temperature gradient.

12
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along the specimen. The optimum holding time was experimentally determined.
Allowance had to be made for the temperature drop that occurs when the specimen is
removed from the furnace and placed on the anvil for a compression- test.

1-2.1-1 Heating of the Specimen

As a rapid heating method, high frequency induction or self-heating by means of alarge

current was available. However, both of these methods make it difficult to determine the
specimen temperature and structural changes within the specimen may occur.

As Bickwede"® states “ the growth of crystal nuclei is more dependent on the heating
rate than on the holding time”, different heating methods were liable to yield different
results. It was, therefore, decided that the heating conditions should be similar to those
actually encountered in' practice which is to heat specimens in a furnace.

To determine the optimum holding time,
the following experiment was carried out. As ] 20(;3___
Fig. 1:13 shows, a specimen having a thermo- ‘
couple at its center was inserted into a fur-
nace maintained at a given temperature, and
the temperature of the specimen was follow-
ed as a function of time. 18% Cr-8% Ni
stainless stec] was used as a specimen because
it had the lowest heat conductivity among the

——e— Cam-— Plastometer

===-%X-==- Drop—Hammer

800

-, kXXX - e — . —

. N . ®
materials used in the present experiments. 3
&
§' .
/Sub-Press . 'E?« 400 —
Specimen\"‘— A Specimen
\ &
Thermo [__| || 1 1_Thermeo
Couple| | Ei4 | | Lhermo Couple
Couple Asbestos
I L
0 10 20 30 ‘min.
Cam-Plastometer Drop-Hammer ’ Time
‘Fig. 1-13 Arrangement for Temperature Rise Fig. 1-14 Results for the Arrangement in
Measurement in the Furnace. Fig. 1-13.

The results are shown in Fig. 1-14. The specimén reaches the furnace temperature in 35 or

15 min depending on whether the specimen is held in a sub-press or not. From these results
the corresponding times in actual flow stress measurements were taken to be 40 and 20 min,
respectively. '

For low temperature measurements, specimens were cooled in iced water (0°C) and in a
mixture of dry ice and ethyl alcohol (—75°C).

The direct cooling allows a shorter immersion time, but since there is no possibility of
oxidation and or structural changes at low temperatures, the same holding times as used in
high temperature measurements were employed.

1.2.1.2 Temperature Drop

The decrease in the temperature of the specimen during measurements takes place in
‘two stages: :

(1) during the mounting of the specimen on the anvil,

(2) during compression. - .

13
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- Since the contribution from (2) was considered to be larger than that from (1), measure-
_: ments were taken on (2) only.
L The exprimental method and results are shown in Figs. 1-15 and 16. A thermo couple was
o attached closely to the lower surface of the specimen where the temperature drop was expected
e . to be the largest. With the use of a sub-press, and at the holding temperature 1200°C, the-
aE temperature drop was nil for the first 5 sec c
BT : and 20 deg for the first 10sec. The maxi- ) 1200 3 e '""m
o . mum time necessary for one run at the lowest ;
strain rate is 7 sec after removing the speci-
men from the furnace, during which the .
maximum temperature drop is estimated to ‘ Thermo  Couple Recorder *
: be 8deg. At test temperatures below 1200°C, 800 B
the temperature drop is expected smaller. ' . 4 o i_"‘“n_,(\*
fg ~—+—— Cam— Plastometer S
Sub-Press . % ---X--- Drop—Hommer
_ Specimen B 400 Koo Xee e
KT,
- .
. i
| y |
I 1 I 1
i 0 5 10 15 20
- Cam— Plastometer Drop—Hammer Time sec.
Fig. 1-15 Arrangement for Temperature Drop Fig. 1-16 Results for the Arrangement in
N . Measurement on the Anvil. _ Fig. 1.15.

In case of drop hammer measurements in which a sub-press could not be used, temperature
drop was minimized by wrapping the specimen triply in asbestos and placing glass ribbons
: between the contact surface of the anvil and the specimen. Measurements under these con-
g ditions showed a larger temperature drop than for the cam-plastometer measurements. However,
a shorter time of measurement 3sec compensated for this, yielding a maximum of a 10 deg
N drop during one run. '
' 1-2-1.3 Ocxidation of the Specimen )

Since no special care was taken to avoid oxidation during heating, there was the ‘possi- .
bility of the specimen reducing the effective volume and altering its coefficient of friction at
the contact surface. '

According to the results of a preliminary experiment, zinc, aluminium, and stainless steel
showed no appreciable sign of oxidation, while common steels and Cu-base alloys were easily
LT oxidized. For a quantitative test, the latter two alloys were further heated at the maximum
ERNER ) temperatures of 1200 and 800°C respectively, and the degree of oxidation was investigated.

For the purpose of lubrication, specimens for flow stress measurements were coated with

glass powder which serves also as an oxidation inhibitor. To include this contribution, the
above specimens were treated in the same way. _
, The results are shown in Table 1.1, in which the degree of oxidation is expressed by
L . the weight of the scale removed by a sand paper from the surface of a specimen. It can be
' ‘ seen from this table that the specimens heated in a sub-press are oxidized very httle even
if they are not treated: if treated, there is practically no oxidation.

14
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Table 1.1 Oxidation of the Specimen

Specimen Temp. Time | Treatment [before Heating| after Heating| Oxidation Remark
) . 18.183 gr 17.900gr | "0.283gr .

99.995 Cu 800°C | 40min With a Sub-Press

glass 18,046 18.025 . 0.021
: . 15,928 15,792 0.136 :

0.1596 C-Steel | 1200°C | 40min With a Sub-Press
. glass 15,902 15.821 0.079
15. 950 15. 255 0.695

0.15% C-Steel | 1200°C 20 min With Asbestos
glass 15.924 15.892 0.032
12¢x18h

1.2.2 Dimensions of the Specimen

The limited capacity of the cam-plastometer dictated the allowable specimen dimensions
according to the strength of the material being tested. Even for the same material, a change
of test temperature, mode of test, i. e, whether it is compressed by a cam-plastometer or by
a drop hammer type of testing machine necessitated dimensional modifications. _

All the specimens were similar in shape with a height to diameter ratio of 1.5. Although
the law of similarity is expected to hold, allowances must be made for many sources of un-

certainty such as grain size which is related with the pile-up of dislocations and segregation of

solute atoms, differences in temperature drop,

. . . ’ ‘kg/mmz
- etc. which may be affected by specimen size. 2 v

“The maximum and minimum dimensions 30sec’_ ATt
used were 15mm in diameterX22.5mm in ' /
height and 8x 12, respectively, the ratio of ) 35sert
these two volumes being 6.5, for which the T / /
size effect is expected to be small. The speci- S / / 0.12%C—Steel |
mens were prepared mainly by metallurgical 8 / ’
processes and machined at the last stage. The ,,3, Temperature ¢ 1000°C
effect of segregation is expected also to be z .
small. . = 10 7 —¢— 84X 12h

The effect of temperature drop has heen 128
mentioned previously. As a double check, ’
stress-strain curves were taken for two different
sizes of killed low carbon steel, at 1000°C and 0 03 04 0.8 '
at the strain rates of 3.5sec”™ and 30sec™. : Natural Strain (e)
As Fig. 1.17 shows, both specimens yielded  pig. 1.17 Effect of the Dimensions of the Specimen
practically the same results. ) on the Flow Stress. :

1-2-3 E_ffect of Texture

Specimens taken from a rolled ingot often possess a preferred  orientation, which can be
detected by microscopic examination. Specimen were taken from three kinds of steels SS41,
FTW 60 and HIZ, each in the direction of rolling, width, and thickness, and subjected to
tests at 800 to 1200°C, and at the strain rate of 0.3-10sec™. Part of these results are shown

15
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in Fig. 1.18 and are considered to be representative.

It can be seen there-from that the texture dependence is negligible, in agreement with
the general assertion that hot working produces no texture. In view of the accuracy of ex-
periment, it is difficult to attach any significance to the scatters of the data.

kg/mm?
30 T
FTW60 &=2sec!
: “=ts800C
E 20
v
& <2900
3
£ 1000
s 1100
§=1200C
0 0.2 0.4 0.6

. Natural Strain (e)

Fig. 1.18 Effect of Texture.

1:2-4 Friction at the Contact Surface

In compression tests, no accurate flow stress can -be determined unless the problem of
friction at the contact surfaces is properly dealt with. Much effort has been devoted to
this solution, among which are Siebel’s™~19 circular conical compression test piece, Meyer and
Nehl’s~D triple test piece, Siebel’s and Schroeder-Webster’s® 12 correction formulas. In each
of these cases the use of a special type of test piece or the knowledge of coefficients of fric-
tion at various temperatures and strain rates makes the determination of flow stress rather

difficult. ’ ‘

In the present experiment care was taken to reduce
the friction at the contact surfaces. The simplest and
most effective method in use for reducing friction is due
to Sims“™'®, as shown in Fig. 1-19(a). According to
Sims, the number of and the interval between grooves at
the contact surface are important to the reduction of
friction. However, on account of the trouble involved in
making 0.02 mm deep grooves at a fixed interval at both

T 20~ 30,

ends of a specimen, specimens as shown in Fig. 1-19 (b)

were adopted for the present experiments. v

For a quantitative determination of the effect of
friction on the true flow stress, aluminium specimen
were statically compressed at room temperature, for five

16

Sims

(2)

Present

(b)

Fig. 1-19 (2), (b) Device for Reducing
Friction. (a) Sims, (b)Present.
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different friction conditions. Fig. 1-20 shows that the apparent flow stress increases with
increasing friction. .

The degree of barreling also increases with mcreasmg friction. For its quantitative
description, it is convenient to introduce Ikejima’s®~¥ barreling coefﬁcnent which is defined as

B=4A|Aw, AA=Amx—Aun : (1)

where Apax is the maximum radxal cross-section of a cyhndrlcal specimen, and A is a
theoretical cross-section for the corresponding strain with no barreling. Fig. 1.21 gives the
relation between B and strain. The B for case (e) is very small and is of the order of 0.01
for a 70%, compression. One can take this as an ideal case of no friction and define for each
strain a stress-deviation 400y, where 0¢ is the stress of the ideal case and 4o is the difference
between 0o and the stress of -a non-ideal case for the corresponding strain. Fig. 1.22 gives
the relation between 4o/o, and B for the conventional strain of 0.5. Conversely, given this
relation for every stram one can estimate the stress-deviation from an experlmental B. ‘
Throughout the present experiments, the barreling coefficient never exceeded 0.5 %. Errors
-in the measured flow stress, therefore, are

estimated to be less than 0.39%. : % ) v .
12 :
8 b
-
kg/mm*® g
a S g b, |
&
14 b ko) s
/ (=]
o .
12 ,/, ~d__ | e o, . ¢
/ e o
3
% & P
- ' ) -
10 // : ,—M‘M«v/o: o8 |
Y 0 0.2 0.4 0.6
: Natural Strain (e)
f:f 8 IAluminium Compression Test Fig. 1-21 Relation Between the Barreling Coefficient
E (Static) B and Strain &.
0 Temperature 10T ‘ o . P .
z | 9 : [ ]
2 6 i T T 8 : - -
ol a. Sticking .
b. Mirror Polish, Degrease Ie:_—0.50\ v / ] -1
¢. Mirror Polish+ Colloidal Graphite g 6 (e=0.70) /
4 d. Groove+ Colloidal Graphite (Sims) S ‘ /
3 ’ ’ (Present) N ) D
. e 4 v
2
2
e
d| - )
0 0.2 0.4 06 0 2 4 6 8 10 12%
. » Natural Strain (¢) . ’ B

- Fig. ‘1-20 Effect of Friction at the Contact Surface. Fig. 1- 22 Relation Between the Barreling Coeﬂicwnt
B and Compression Stress- Deviation.
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1-3 OUTLINE OF EXPERIMENTS
1-3-1 Materials ‘ o

The materials investigated were magnesium, titanium, 99. 999% zinc and three commercial’

grade ‘zinc, two different grades of aluminiums and duralumin, 99.99 and 99.9% copper and

ten copper-base alloys, ten carbon steels, six high strength steels, elghteen low alloy steels,

and fifteen stainless steels, i.e., seventy kinds altogether.
* The prior histories and chemical compositions are listed in Tables 4-1 and 4-2.

1 3 2 Experimental Method

- 'A cam-plastometer was used for strain rates below 100 sec™! and a drop-hammer type of
testing machine for strain rates above 100 sec™. - . S

Below 600°C, the specimens were heated in a nichrome furnace and above 600°C in a
siliconcarbide furnace. Temperature was automatically controlled to within 7 deg above 600°C
and 3 deg below 600°C. Boiling water, iced water, and dry ice plus ethyl alcohol were used
to obtain 100, 0, and —75°C respectively. :

Zinc and duralumin specimens that were thermally treated were preserved in dry ice so
as to suppress age-hardening. The maximum period of preservation did not exceed 60 hours,
and efforts were made to take measurements as soon after thermal treatment. as possible.

Static compression tests indicated no dtfference between the stress-strain curves obtained before
and after preservation. . -

In the case of drop-hammer experiments, measurements were made on three quantities:
time, load, and strain. In the case of cam-plastometer experiments, on the other hand, -time
was not directly measured but computed from the number of revolutions of the flywheel.

1.3.3 Lubricants
The lubricants used were colloidal graphite at temperatures below 600°C lead glass between
600 and 800°C, and pyrex glass above 1000°C. :

1-3-4 Determination of the Flow Stress

Measurements were made of time of deformation, load and strain. True stress was
computed from measured loads, assuming that the specimens were uniformly deformed main-
taining a cylindrical form and a constant volume. :

In drop-hammer experiments, the range in which strain rate remains constant to the
accuracy of 3% does not extend to more than 0.4 in terms of natural strain. For this reason
strains over 0.4 were not measured. -

The degree of barreling was small enough to regard the measured stress as the flow
stress of ‘the material, probably to an accuracy of 39. This approximation was made in
analyzing data. ' ‘

Experiements were repeated at least three times for one condition, and the average values
were used in the plotting of flow stress against strain.
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PART 2. THE FLOW STRESS FOR NON-FERROUS
METALS AND ALLOYS

~In this Part, the experimental results concerning the flow stress of the non-ferrous metals
and alloys will be discussed. '

2.1 FLOW STRESS-STRAIN CURVES

The flow stress-strain curves of non-ferrous metals and. alloys compressed at the strain
rates of 0.13 to 650 sec™? are given in Figs. 4-1to 4-21. The temperature range explored is’
from —T75 to 650°C for aluminium, 200 to 500°C for duralumin, —75 to 300°C for zinc, 18

10 500°C for magnesium, 400 to 900°C for titanium, and 18 to 900°C for copper and its alloys.
. The temperatures shown in the figures refer to those before compression, and no correction
was made for temperature rise due to plastic deformation.

The experimental results concerning the face-centered-cubic metals (aluminium in Figs. 4-1
and 4.2, copper in Figs. 4:4 and 4.5) and the hexagonal-close-packed metals (zinc in Figs.’
4.16 to 419, magnesium in Fig. 420, and titanium in Fig. 4-21) show that the stress re-
quired for a given plastic strain increases with increasing -strain rate, and decreases with
increasing temperature. Above room temperature, the flow stress changes in a very complex
manner with strain, strain rate, and temperature. For instance, §tress-strain curves do not
remain similar upon changing strain rate; the curves obtdined at and above 500°C and at the

_strain rates of 2.5 and 0.13sec™! show a stress maximum below 0.3 strain for tough pitch
copper with a further plastic deformation following at a lower steady stress. These anomalous
plastic behaviors may be characterized as follows:

1) The stress peak seems to occur above 0.5 T (Tm: melting point in °K), and the
Jowest critical temperature for the occurrence of such an anomaly decreases with increasing
strain rate (Fig. 4-4). .

2) The initial part of the stress-strain curve for non-ferrous metals does not rise rapidly
“but gradually, in contrast to the case with mild steel at room temperature.

3) The strain at the peak stress is by far larger than in the case of mild steel which
shows a sharp yielding point at a small strain. ,

4) The magnitude of the maximum stress and its associated strain depends on the tem-
perature and strain rate selected, and this strain decreases with increasing temperature and
decreasing strain rate. ' : .

5) Work hardening occurs until the stress peak is reached, and then plastic deformation
proceeds at a lower stress. : S
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6) In some alloys the first peak is .followed by a second smallef peak.
7) No heterogeneous deformation such as Lider’s bands has been observed.

In magnesium and zinc, the stress-strain curves shown in Figs. 4-16 and 4-20 are quite .

different from those for the other metals and alloys 1nvest1gated in that the flow stress falls
down rapidly as the strain goes beyond 0.2 or 0.3.

In Cu-Zn and Cu-Sn alloys the effect of temperature and strain rate on the deformation
behavior is ‘quite complicated. The flow stress of these alloys sometimes increases with
increasing temperature. Further, the peak stress for Cu-Sn alloys increases with increasing
concentration of the alloying element. The same tendency was also observed to a lesser
degree in Cu-Zn alloys. ' '

2.2 TEMPERATURE DEPENDENCE OF THE FLOW STRESS

Metallurgically speaking, the plastic flow stress at high temperatures and low strain rates
is governed by such processes as recovery, recrystallization, grain growth and so on. The
experlmentally established form for the temperature dependence of flow stress

o=Aexp(B/T) : (1)
where A and B are constants not necessarily mdependent ‘of temperature, may then be
accounted for by the fact that the above processes are rate processes obeying and Arrhenius
type of equation. :

The stress-strain curves of commercial-purity alummlum copper, magnesium, zinc, and

Ke/am’ titanium have been obtained by using a
. -cam-plastometer. The effect of temperature-
ssla on the flow stress of these metals is shown

o\ in Fig. 2-1 in which anomalies are observed.
\\ . at 175-200°C with zinc, 200-250°C with

=0.1
e=0.2 aluminium, 400-500°C with copper, 200-300°C.

&=0.2for Zn) with magnesium, and 600-700°C with titanium,

all somewhere around 0.5 Trm. There is a.
‘ temperature independent region around 0.5

m.

—

20

Ti Tm, above which temperature as well as

Cu .
‘strain rates affects the flow stress strongly.

—
o

Flow Stress (oo, )

Zn ’i\/ M tough pitch copper specimens. This difference
& disappears above 400 to 500°C, in accord with
the view that the high temperature flow is.
related to some diffusion-controlled processes.
Fig.2-3 is the log 6 — 1/ T’ curves for tough
5 A : pitch copper. Of interest to note is the ap-
pearance of two kinks in the curves: one:
around 0.5 Ty and the other below 0.5 Th.
» ~ The fact that the kink at 0.5 T’ corresponds.
0 3007 200 600 500 ¢ to that in Fig. 2-1 points to the onset of a
o Temperature diffusion-controlled mechanism, since this is:
Fig. 2-1 Temperature Dependence of the Flow where the rate of diffusion begins to become:
Stress of Commercial-Purity Metals. appreciable.

—
=4

In Fig. 2-2 is shown the difference in.’
flow stress between annealed and as-drawn -
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It is generally known that the flow mecha- izg.?sec“
nism undergoes a change at about 0.25, 0.5, 530 ‘ T
- . . )
Lo and 0.8 Tm. In copper, aluminium, and tita- X\l .
. . w
S o nium, however, the second kink occurs at 036, ¢ 2 \ X 7‘%&
P 0.6, and 0.55 T, respectively. Whether or @ .
E S not -these kinks indeed correspond to a change 2
LT of the flow mechanism remains to be as- ‘h' 10
B : certained.
s : ' The test temperatures for the Cu-Zn
Ces U ) alloys are given in the phase diagram of Fig. 0 700 200 500 300 T
» Tl .. L . . . . .
N 2.4. - A microstructural examination revealed Temperature
N - . e o v
. h T R ,:3:}1 at the alloys containing uPotO 35 wt% Zn ?re Fig. 2-5 Temperature Dependence of the Compres-
- ‘o o-phase, and those of 40wt% Zn are (@+5')- . sion Stress of Copper and Copper-Zinc
I phase. Fig. 2.5 shows the temperature de- Alloys at £=0.2. Strain Rate: 0.13sec™%

~
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o PR - pendence of the flow stress for three zinc alloys and tough pitch copper. The curves for
e o a 70% Cu-30% Zn and 65% Cu-35% Zn alloys are different from the previously obtained curves
P in that they exhibit a reverse temperature dependence of the flow stress a little below 0.5 7.
R o o In particular, Fig. 2:6 shows this temperature dependence for the 659% Cu-359% Zn alloy with -
T strain rate as a parameter. The temperature at which the stress peak appears increases )
. P ‘:' with increasing strain rate.
N - : Ardley and Cottrell®? have observed that the critical resolved shear stress of B-brass
LU reverses it temperature dependence in the neighborhood of 200°C, and attributed it to the
ool : formation of a superstructure.
L e ' From the appearance of superlattice lines in X-ray analysis, a-brass is also known to
, ‘ ' nndergo an order-disorder transition. If the reverse temperature dependence of the flow stress
S . kg/mn? shown in Fig. 2-6 were really due to the y
N VU, ' ——10 sec formation of a superstructure or precipitation, :
:_—3:(2)2 " a specimen quenched from above the transi-
. % f(x —o—013 tion temperature (300 to 500°C) would yield
e=0.2 * a lower flow stress than a slowly cooled speci-
men. As Fig. 2.7 shows, however, heat
- -~ J/\" treatments from 600°C had no effect on the
s 20 \ flow stress of 65% Cu-35% Zn brass when
o measured at room temperature, which refutes
! t%: the above possibility.
s 10 Cu-Sn alloys also exhibit a reverse tem- )
o perature dependence around 0. 57, Fig. 2.8 :
: shows the temperature dependence of the flow
o 0 200 400 600 oc ke’ .
~o ' Temperature 50 ~0—98.5Cu—1.55n
o " Fig. 2.6 Temperature Dependence of the Compres- :: gg 8:— '? Sﬁ
Lo _ 2101(1) 2Stress of 65% Cu- 35/VZn Alloys at *\ —0—-90 Cu—lO an
T kg/nn? : 40 \ z:O]Ssec
. ,:' A4
=
2 20f N
B A 600°C —1hr~ Air 2]
2 Cooled 3
; 2 = ool " BI600T—lhr>Water| 2
. Quenched } N
‘ 5% . 10 . \\‘8
et v ' 0 Reduction
o Fig. 2:7 Stress-Strain Curves of a 659 Cu-359% Zn 0 200 400 - - 600 800C
R ; o . Alloy at Room Temperature. Curve A, ' " Temperature-
» : : s Slowly Cooled Specimen; B, Rapidly Cooled Fig. 2.8 Temperature Dependence of the Com-
: - : ~ .. one from 600°C. Conventional Strain Rate : pression Stress of Cu-Sn Alloys at
' N » . - -in this Case in 1.4x10-3sec-t, o €=0.2.
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kg/mm®
—o— 10sec?
w0 —— 25
14 —xe— (.5 #
—o— 0.1
e=0.2

|

30 ,

>20 ] | °\\

Flow Stress (og,)

0 200 400 600 800°C
Temperature v

Fig. 2-9 Temperature Dependence of the Compression
Stress of 9396Cu-79% Sn Alloys at £€=0.2.

stress at a strain rate of 0.13sec™ and at 0.2 strain. In particular, Fig. 2-9 refers to the details
of that of the 93% Cu-7% Sn alloys. '

A microscopic examination revealed that the 609 Cu-40% Zn alloys were (a-+pB')-phase
below 454°C and (a+B)-phase above 454°C. With increasing temperature above 500°C, the
B-phase increases its content at the expense of the a-phase, and becomes softer than tough
pitch copper and a-brass. No reverse temperature dependence of the flow stress has been
found in this case. ) v

If these anomalous plastic behaviors are really due to the viscous motion of dislocations, -
one may expect to observe similar phenomena in every substitutional solid solution.

2.3 STRAIN RATE DEPENDENCE OF THE FLOW STRESS

- It generally asserted that the flow stress of metals and alloys is more susceptible to
strain rate above recrystallization temperature than below. The experimentally established

relation between the flow stress ¢ and the A 50

strain rate & takes the form 12 7> 100 :
, G=0oé™ (2) Lo_:g:____:___c_,__’___-gz:-g-—gg::@'é"”_w

where 0, is a proportionality constant. Camp- /

bellz® and Hahn®® derived Eq. (2) by re- 081 ' A 400°,

lating the macroscopic strain rate with the
motion of dislocations. The effect of tempe-
rature manifests itself in the exponent “m”.

As Fig. 2-10 shows, Eq. (2) is valid at 0.2

least in the case of aluminium. However, for ol ‘ : : : . ]
- 2

99.5% Al
e=0.2

some metals and alloys in which the flow foge ‘
stress-strain curve exhibits a stress peak, Eq.  pig. 2.10 Strain Rate Dependence of the Flow

(2) does not hold in general but for particular Stress of 99.59¢ Al at £=0.2.
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o— : 70Cu—30Zn

0.3 —*— : 65Cu—35Zn

&— : 60Cu—40Zn
e=0.2
: x
0.2 U ¥ S

m(=dIno/ diné)

P —

<| 1

0

0.1 :
g /
3 0

3 04 05 06 07 08 09
T/ Tm

Fig. 2-14 ‘“m”-Reduced Temperature Relation for

Cu-Zn Alloys.

0.2

63

Y N I

i T }
-0—: 98.5Cu—~1.55n
x—:95 Cu— 5 Sn
&—:93 Cu—17 Sn

e—:90 Cu—10Sn |-
=02
—~ 0.2
2 ]
s /
=
3
: /
€
o L/
O)\ o
0.3 0.4 0.5 0.6 0.7 0.8 0.9
T/ Tw

Fig. 2+15 “m”-Reduced Temperature Relation
for Cu-Sn Alloys.

9.4 THE FLOW CHARACTERISTICS OF SPECIFIC MATERIALS

The flow stress of a-brass increases with increasing zinc concentration up to 10wt%.
When the concentration exceeds 20 wt%, the stress-strain curve reveals a new feature: at
temperatures below 0.5 T'm, the flow stress is little affected by strain rate with work hardening
occurring over a wide range of strain, and above 0. 5T, the initial work hardening of short

duration is followed by a steady flow which is extremely sensitive to strain rate;

increase of temperature the stress-strain curve
begins to exhibit a stress peak, though not so
clearly as in the case of tough pitch copper.

609% Cu-40% Zn alloys which contain not
only the a-phase but also 8 or f'-phase show
a different flow characteristic. Work harden-
ing almost ceases above 300°C and the flow
stress becomes influenced by strain rate in-
stead. Above 500°C the flow beyond 0.05
strain proceeds at a constant stress. At 800°C
the flow stress becomes so small that the
. applied load in low strain rate experiments
cannot be read off from the film -of the
oscilloscope. :

Fig. 2-16 shows the grain size and the
zinc - concentration dependence of the flow
stress of Cu~Zn alloys which were compressed
at 2.5sec”! and at room temperature. The

kg/mn?

60

Grain Dia.

s o
(=3 o
T T

" Flow Stress (a)

(2]
o
T

20 10 20 30 10
Zn (Wt%) v

with further

Grain Dia (g)

Fig. 2-16 Zinc Concentration Dependeﬁce of the
Grain Size and the Flow Stress of -

Cu-Zn. Alloys at Room Temperature.
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kg/um? ' flow stress increases with increasing zinc con-
X centration up to 20 wt% beyond which the
70F v N flow " stress begins to decrease down to a .. ..
z//“' minimum at 30 wt% Zn. The flow stress of
x\ Cu-Sn alloys also becomes minimal at 6 to
_eor 8wt% Sn (Fig. 2.17).
©
g 501 2.5 SUMMARY
o: From the analysis of the stress-strain
& 40r curves of non-ferrous metals and alloys, the
followings have been demonstrated :
30} ' 1) The stress-strain ‘curve exhibits a
: stress peak as temperature exceeds 0.5 Tm.
. - 2) The temperature dependence of flow
20 (|) 2 ,|4 (l; 3l 1}) stress may be described by an Arrhenius type
Sn (wt%) of equation, provided that the flow mechanism
Fig. 2-17 Tin Concentration Dependence of the remains urichanged in the temperature range
Flow Stress of Cu-Sn Alloys. under consideration.

3) The magnitude of the peak stress of Cu-Zn and Cu-Sn alloys that éppears in the

“vicinity of 0.5 T increases with temperature, and the temperature of the stress peak shifts to

the high temperature side upon increasing strain rate.

4) Eq. (2) is valid unless an anomalous plastic behavior sets in.

5) Contrary to the general impression, the strain rate sensitivity “m” of flow stress does
not increase in a simple manner with temperature but tends to slacken or take a minimum
around 0.5 T, sometimes taking a constant value when temperature reaches 0.7 and 0. 8 T'm.
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PART 3. THE FLOW STRESS FOR STEELS

In this part, the experimental results concerning the flow stess of steels will be discussed:

3.1 FLOW STRESS-STRAIN CURVES

The flow stress natural strain curves for carbon, alloyed, and stainless steels are given
in Figs. 4.22 to 4.-70. The 0.15% C and 18% Cr-8% Ni steels were investigated in the
temperature range 0-1200°C and in the strain rate range 0.8-650sec™, where-as other steels
were tested in the ranges where the actual hot working is usually performed, i. e., 800-1200°C
and 0.8-100sec™.

In general, the flow stress at a given strain increases with increasing strain rate and -
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O S ‘ decreases with increasing temperature. At high temperatures and at low strain rates, hardening
‘ occurs in the initial stages of deformation, followed by softening due to recrystallization as
- deformation proceeds. The flow stress thus goes through a maximum. ’ -
h With the 0.15% C stecl deformed in the temperature range 200-600°C and other steels.
tested at 800°C, no such maximum in the stress-strain curve was observed nor was there any
. ) definite strain rate dependence. On the other hand, the flow stress-strain curve exhibited an
B SURTL A R anomaly which is probably related with blue shortness or phase changes, as will be discussed
R later. » '
‘ ) The low alloy steels of Figs. 4-38 to 4-53 which have only a limited use were included
o for their gradual variation in composition in order to see the effect of alloying elements.

3.2 TEMPERATURE DEPENDENCE OF THE FLOW STRESS

Figs. 3+1 and 3-2 show the temperature dependence of the flow stress for 0.15% C and

A 189 Cr-8% Ni steels, respectively. The strain selected is 0. 2 and the strain rates studied were
R 0.2, 3.5, and 30sec™. : ‘ .

L ’ In the case of the 18% Cr-89% Ni steel, the flow ‘stress does not decrease uniformly with

; increasing temperature but shows an abrupt drop in the vicinity of 600-800°C. The occurrence

i ' of this anomaly at 0.57m (Tm: melting point in °K) together with similar observations also

: l kg/mm?

- . ' : o 0.15%C— Steel

40

2 0.25%C Steel
x 0.55%C Steel
e=0.2

Flow Stress (o)

20

200 400 600 800 - 1000 1200 C
Temperature
Fig. 3-1 Temperature Dependence of the Flow Stress of Carbon Steel. Strain Rate Range: 0.2-30sec™.
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5 . R 7 kg/mn?
o o : 18%Cr—8%Ni Stainless Steel
R L T . X (520.2)
v ' 60
*
. \\
N
50

40 }

. o » ) . | \(?__305861
. - -‘ K ‘ 30 :
o . o ) ’ R &= 3.5sec”
Lo . R ‘ » : £=0.2sec
o 20

10 » : _ N

Flow Stress (o)

0 =

Temperature

Fig. 3.2 Temperature Dependence of the Flow Stress of 1894 Cr-89¢Ni Stainless-Steel.

s g 150 " in non-ferrous metals indicates the begm-

: " ning of recrystallization or grain growth
during deformation. To corroborate this
‘view, 189% Cr-8% Ni steel specimens pre-
strained in tension by 6-289% were annealed
between 100 and 1000°C for 15min and

100

Change of Vickers Hardness

). 50 then water quenched. Fig. 3.3 shows the

' hardness increase over that of an unstrained

‘ specimen. The hardness begins to decrease

o _ . 0 . around 600°C at high strains or around

- : . : 0 2 4 6 8 10 700°C at low strains. The similarity of

I ' ) Amnealing Temperature X 10° temperature dependence between hardness

- ~' S : Fig. 33 Hardness Tncrease of Deformed 1896 Cr-8%Ni  and flow stress supports the above inter-
._.\ e gt::ﬂess Steel Over thavt of Fully Annealed ‘ pretation.

T i i In the case of 0.15% C steel there was

. observed a peak in the flow stress around 200-600°C. Owing to the wide interval of
_ temperature for the data, the-exact location of the peak is difficult to specify. With increasing

28
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temperature there exists a second peak the exact position of which is also unkown for the

same reason. Fig. 3+4 is the flow stress-temperature curve of killed low carbon steel. The

smaller temperature intervals (100deg) for
these data reveal the peaks more clearly than
in Fig. 3-1. Finally a third peak exists around
900~1000°C. v :

The existence of the first peak has been
recognized by many researchers. For low
strain rate and high temperature tensile tests
this peak is characterised by the occurrence of
a violent oscillation in the stresss-train curve 0.12%C— Steel i
taken around 200-300°C and a simultaneous é=10se¢? Ny i

kg/un?
20

10

Flow Stress (o)

intensity depending on the carbon content.
It has been observed by Nadai and Manjoine 0
‘that this peak is displaced to the high tem-
perature side upon increasing strain rate. They

8 -9 10 11 12 C
Temperature (TX10?)
Fig. 3.4 Temperature dependence of the Flow

have also observed that the temperature at Stress of 0.129¢ C-Stecl.
which this peak occurs is 240°C at 107*sec™, _ Strain (€)=0.1-0.4,
340°C at 0.5sec™?, and 560°C at 600sec™. Strain rate (€)=10sec™.

The probable cause of this phenomenon is the ageing effect called blue shortness in
which diffusion plays an important role. The strain rate and temperature dependence of the
peak stress may then be accounted for by the kinetic behavior of a rate process. The peak

“position in the present experiment was estimated to be between 400 and 500°C, in agreement

with the observation by Nadai and Manjoine®~?, .

The second peak was observed only in low carbon, low alloy, and 13% Cr steels among.
the materials investigated. As can be seen from the phase diagram, steels containing less than
0. 8% carbon change from a-phase to (a--7)-phase around 720°C. The difference in carbon
content between the two phases is expected to give rise to a change in the magnitude and
temperature-strain rate dependence of the flow stress. This second anomaly at 800°C may
then be explained as due to 2 phase change. Were it not for this phase change, the flow
stress curve would extend smoothly beyond
the transition point into the two regions, as
‘shown by the dotted lines in Fig. 3-5.

Above 800°C the flow stress in the a-

increasing temperature. However, as is seen
in the killed low carbon steel of Fig. 3+4
and less clearly in the 0. 15% C steel of Fig.
3.1, this is not the case and the flow stress
in the region seems to be accompanied by
work hardening around 900-1000°C.

The steels that exhibited such an ano-
maly were, beside the above two examples,

Flow Stress (a)

Temperature (T)

Fig. 3-5 Flow Stress-Temperature Curves of the
@-& 7-Tron. : _ steel, both with a carbon content of less than
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0‘15% Similar observations were made in 0.17% C steel by Alder and Phillips®~? and in
0.15% C steel but not in 0.56% C steel by Cook®-%,

It has been reported by Inoue®-% that in his high strain rate tensile expenments four steels -

underwent brittle fracture but they all yielded the same flow stress in this temperature range.

In Zoteel’s®® high strain rate tensile tests of Armco steel, however, there is a clear indication

of the flow stress increasing with temperature around 1000°C.

"No decisive conclusion has been drawn yet as to the nature of this third anomaly, but it
is prevalent to attribute it to the precipitation of Al;Os; or AIN.

Except for these anomalies, the temperature dependence of the flow stress of steels as ‘well.
as non-ferrous metals and alloys can be described by an Arrhenius type of equation. Of the
two steels that were investigated over a wide range of temperature, the flow stress of the
0.159% C steel does not obey an Arrhenius equation because of the existence of anomalies: the
flow stress of the 189 Cr-8% Ni steel, on the other hand, lies on a curve composed of three
segments of straight lines when plotted as a function of reciprocal temperature (Fig. 3:6).
The position of the second kink in the curve agrees w1th that of the kink of Fig. 3.2 which
was interpreted as due to recrystallization. _

The appearance of the second peak around 200°C can be considered either due to some
mechanism related with work hardening or due to the hardening effect caused by chromium
carbide which is seen in a low strain rate tensile test of stainless steel carried out around 200~
600°C®-®.". The present experiment could not decide between the two.

‘kg/m? -~

b

150

" 100

80

60

o+
o

Flow Stress -(log o)

o
>

18%Cr—8%Ni
Stainless Steel

O,

10

- Reciprocal Absolute Temp. (Ti) 1/Te X107
Flg. 8.6 Arrhenius Plot of the Flow Stress of 1894 Cr-89 Ni Stainless Steel.
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3.3 STRAIN RATE DEPENDENCE OF THE FLOW STRESS

As has been mentioned in the sections
concerning the non-ferrous metals and alloys,
the following relation holds between flow stress
and strain rate:

0=0p+£™

Figs. 3-7 and 3-8 refer to the experi-
mental results of 0.15% C steel and 18% Cr-
89% Ni steel, respectively, each analyzed ac-
cording to the above equation. Except for
the 0.15% C steel at 400°C where blue short-
ness sets in, a linear relationship holds be-
tween log o and log £.

Fig. 8-9 shows the values of the exponent
“m” which denotes the sensitivity of the flow

05 1 2 3

Strain Rate (&:log)

—

Fig. 37 Strain Rate Dependence of the Flow-Stress '

of 0.1594 C-Steel.
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Fig. 3-8 Strain-Rate Dependence of the Flow Stress

of 1894 Cr-894 Ni Stainless Steel.

0.2
0.2
e _0.15%C Steel . -
£ : '
oak . )\)/
2 /-
I
18%Cr—8%Ni Steel
0 N L L 1 . .
. 0 200 400 600 800 1000 1200C
Temperature
Fig. 39 » Value vs Temperature Curves for

0. 15/ C Steel and 1896 Cr-89¢ Ni Stainless
Steel.
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stress to strain rate. “m” tends to increase with increasing temperature. In 0.15% C steel,
however, “m” takes an unusually large value at 600°C The ex1stence of this anomaly has

been recogmzed by other researchers.
3.4 THE FLOW CHARACTDRISTICS OF SPECIFIC MATERIALS
3- 4 1 Carbon Steels

The flow stress-strain curves at 0.2 strain and at a strain rate of 10sec™! are shown in
Fig. 3.10 in which some of the results due to Inoue®-?, Alder®-?, and Cook®-® are included.
Up to 800°C, the flow stress tends to increase with increasing carbon content: at 1200°C,
on the other hand, the flow stress takes on a constant value independent of carbon concentra-
tion. This is an established fact. For instance, the data due to Inoue and Cook indicate that
the high temperature flow stress is practically independent of carbon concentration up to 19%.

kg/mm?
5

&=10sec?
e=0.2

(3-3,
oue)Cook(e— 8sec?)

 or/mm?
2 Inoue(e— Tsec* YT | ' k:i/)mm
% Cook)
Inoue é=10sec?
< o) ; &=0.2
~ 777 5%Cr—0.5%Mo (3_p |
a t3-2 \ Inoue &=T7sec?)
g Alder) S N
?E 15 er - 5%:\\ N(l/oCr-—05 %Mo
’ 3 20T
= 14 ——
3 £ | g%
@ Present
] .
< S
10 : 10 X
5

800 900 1000 1100 1%80 0 800 900 1000 1100 1200 <C
Temperature ' Temperature

Fig. 3-10 Comparison of the Flow Stress of Carbon  Fig. 3:11 Comparison of the Flow Stress of Low

Steels Measured by Various Investigators. Alloy Steels Measured by Various In-

(Cook, Alder, Inoue and Present) vestigators. (Inoue and present)
3-4-2 Low Alloy Steels

Fig. 3-11 is the flow stress-strain curves of 19 Cr-0.5% Mo and 5% Cr-0.5% Mo steels

together with Inoue’s results.

There is to be seen a small but detectable concentration dependence: 59 Cr steel has a

" larger flow stress than 19 Cr steel. This is also true of Inoue’s results.

. Inoue’s curves deviate from the present ones around 900°C where an anomaly related
with some hardening effect is usually observed. The present expenments were unable to
account for this. difference. : ‘
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1t is generally known that the tensile strength of most chromium steels at room tempera-
ture decreases with increasing chromium concentration up to 69%.¢%"" Creep tests at 600°C as
well as tensile tests up to 700°C confirm this.®~® - v

In the present experiment, however, the opposite tendency has been observed, probably
owing to the high temperatures and the high strain rates used. "As a matter of fact, Charpy -
impact tests yielded larger impact values for 5% Cr steel than for 2% Cr steel in the tem-’
perature range up to 700°C.¢"% Nevertheless, the difference in flow stress between 1% and
5% Cr steels, especially at high temperatures, is not so large as to be important in practical

The other low alloy steels of limited use have been investigated mainly to see the effect
of alloying elements. Fig. 3:12 is the flow stress-strain curves of low alloys steels 1, 2, 3, 8,
9, and 10 at the strain rate 10sec™ and at the temperatures 1000 and 1200°C. The com-
positions are shown in Table 3-1 in which blanks denote the upper preceding values. In
particular, the effects of manganese, chromium, coppér, and nickel are shown in Table 3-2.

kg/mm? .
20 Tow Allor Steel—1

0
9 . .
g Table 3-1 Compositions of the Low Alloy
© Steels in Fig. 3-12.
F3
& | e Lo Mn | Cu Ni Cr
Alloy Steel—1 No.
1 0.44 0.12 1.19 3.42
&=10sec™* 2 0.97
3 ) 4.21
8 3.17
9 : 1.07
10 2.18 )

0 0.2 0.4 0.6 0.8
Natural Strain ()

Fig. 3-12 Composition Dependence of the Flow

Stress of Low Alloy Steels.

Table 3.2 Effects of Alloying Elements on the Flow Stress of Low Alloy Steels.

1000°C o © . 1200°C Content %
C Raises Flow Stress Slightly Does not Alter : 0.15—> 0.55
Mn Does not Alter Effective Within 0.5 Strain 0.44—>2.18
Cu Lowers Alters Little 0.12—> 1.07
Cr Raises Alters Little 11 —5
"Ni Effective Within 0,4 Strain Raises ‘ . 1.19—> 3.17
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3.4.3 Stainless Steels

Fig. 8-18 is the flow stress-strain curves of 13% Cr, 139 Cr-0. 5% Mo, 17% Cr, 189 Cr-
8% Ni, 18% Cr-89% Ni-2% Mo steels at 0.4 strain and at a strain rate’ of 10 sec-!

The addition of molybdenum tends to suppress the decreasing tendency of the ﬂow stress
at high temperatures and is effectxve in increasing the flow stress in this region.

kg/mn®
40

30

ny
(=]

~ Flow Stress (o)

10

800 900 1000 1100 1200 °C
' Temperature

Fig. 3-13 Composition Dependence of the Flow

Stress of Stainless Steels.

A large difference is seen between the flow stresses for the 13% Cr and the 179 Cr

- steels. As has been said of low alloy steels, the addition of chromium also tends to increase

the flow stress at high temperatures and at high strain rates.

SUMMARY

A proper understanding of the flow stress of metals and alloys is a primary prerequisite
to the determination of the mode of plastic working and the ‘proper design of working tools.
The fact that the flow stress depends not only on the properties of the material but also on
the degree of deformation, deformation speed and temperature has made the measurements of
flow stress difficult and restricted them to only a few kinds of materials. To narrow this gap,
the authors have conducted investigations into forty-nine kinds of widely used steels and twenty-
one kinds of non-ferrous metals and alloys. In this paper the results that have been obtained
during the period between 1951 and 1966 have been presented. Although the first object of
providing basic information concerning the flow stress ‘which may be useful in practical appli-
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cations has been achieved, the second object of relating the flow stress with strain, strain rate,
and temperature has been confined to the proposal of empirical formulas.

The flow stress of metals and alloys at high temperatures is a complicated phenomenon * -

in which two opposing tendencies, i.e., work hardening and recovery or recrystallization,
compete simultaneously. - It is hoped that the present experiment will contribute to the clari-.

fication of these phenomena and to the search for the equation governing their behavior with

more accuracy and generality.
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PART 4. DATA SHEET IN THE FORM

Tahle 4-1 List of Data Sheets. .

Fig. No. » ~ Test Materials ‘Treatment Stfain Rate Range|[Temperature Range
: 4- 1 | Aluminium Cold Drawn—>Annealed - 0.2~650 sec? —75~ 500°C -
2 ” Extruded—Cold Drawn—>Annealed 0.1~ 10 ~ 18~ 500~
3 | Duralumin Cold Drawn->Annealed 0.2~100 ~ 200~ 500~
Fig. No. Test Materials Treatment Strain Rate Range| Temperature Range
4- 4 | 99,99 Copper Hot Rdlj‘i,;n%g%ngmW“ 0.1~ 2.5sect 18~ 900°C
5 [.99.999 Copper’ ” . 0.1~ 10sec? . 18~ 800°C
6 {989 Cu-294 Zn Brass . Extruded—>Cold Drawn— Annealed v ” )
7 19096 Cu-1094 Zn Brass . ’ R 4 ’ ” ”.
8 | 8094 Cu-2096 Zn Brass ” ” ”
9 |709% Cu-309¢ Zn Brass ” ” ”
10 | 6596 Cu-359% Zn Brass ” " ”
11 | 6096 Cu-4094 Zn Brass - ” ” v
12 | 98.5% Cu-1.5% Sn Bronze ” ” ”
13 | 9596 Cu-59¢ Sn Bronze ” ” ”
14 ] 9394 Cu-794 Sn Bronze ” » ”
15 | 9094 Cu-1096 Sn Bronze ” ” ”
Fig. No. ; Test Materials Treatment Strain Rate Range Temperaturé Range
4-16 | Pure Zinc Hot Rolled 0. 2~650 sec-* —~T75~ 300°C
17 Zinc-1 ” 0.8~100 sec~? " 0~ 300°C
18 Zinc-2 ” ” ”
19 Zinc-3 ” ” ”
Fig. No. Test Materials Treatment _ [Strain Rate Range| Temperature Rarnée
4-20 | Magnesium [Extruded —Cold Drawn~> Annealed| 0.1~ 10sec! 18~ 500°C
Fig. No. Test Materials Treatment Strain Rate Rangel Temperature Range
4-21 | Titanium . Hot Rolled - Annealed 0.1~ 10sec— 18~ 900°C
Fig. No. Test Materials Treatment Strain Rate Rangel Temperature Range
4-22 | 0.089 C Steel Hot Rolled — Annealed 0.3~ 10sec-t? 800~1200°C
23 10.12%6C ~» Forged — Annealed "0.8~100 « ”
24 10.15%C » Hot Rolled — Annealed 0.3~ 10 ~» .
25 [0.15%C ~» Forged - Annealed 0.2~650 ~» 0~1200°C
26 |0.2%C Hot Rolled - Annealed 0.3~ 10 » 800~1200°C
27 10.25%C « Forged > Annealed 3.6~ 30 » ”
28 10.21%C "~ Hot Rolled —» Annealed 0.3~ 10 « ”
29 10.4596C » Hot Rolled — Annealed 0.3~ 10 »~ “
30 10.55%C « Forged —> Annealed 3.5~ 30 » “
31 10.95%C ~» Hot Rolled — Annealed 0.3~ 10 # ”
36
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. OF FLOW STRESS-STRAIN CURVES
N Chemical Composition (%)
= Al Cu Si Fe | Mn | Mg )
* 99.5 0.1 0.15 0.5 0.01 0.01
‘ , Bal. |[.0.016| 0.07 | 0.24 |-
K 04.95 | 3.5 0.1 | 05 | 0.5 | 045
;  : ” B . Chemical Composition (%) R
¥ Cu Fe Pb Sn Zn P Ni .| S | As Sb Bi 0.
99.95 | 0.0057) 0.0028 0.0038 0,001 | 0.0004 0.0016 0.00014 0.003
99. 99 0.0017|  0.0002; 0.0014 0.001 0.0002] 0.0006, 0.00005
98.47 | 0.018| 0.0044/ 0.0032 Bal
90.06 | 0.033] 0.0044 0.0032 Bal
79.21 | 0.023] 0.004| 0.0035 Bal
60.92 | 0,034 0.016| 0.0088 Bal
65.05 | 0.017 | 0.0025 0.0072 Bal
60.16 | 0.025| 0.013| 0.0042 Bal
08.4 | 0.0112 0.0152) 1.5 0.062
04.5 .| 0.0167 0.017| 5.35 0.135
92.78 | 0.0171) 0.0173 7.03 0.138
90.2 0.0183  0.0191] 10.0 0.166
Chemical Composition (%)
Pb | Cd- Fe Cu Sn Al Mg Zn
0.002 | 0.0001 0.0007| O©.00041<<0.0001 Bal.
0.286 | 0.068| 0.0071 0.0011 0.0016 Bal. .
0.287 | "0.072| 0.0011 0.0018 0.0022 Bal.
0.0071] 0.0007| 0.0006] 0.0012 0.0003 0.0096 0.0059 Bal
~ Chemnical Composition (%)
Mg | Al Zn Mn Si Cu Ni
Bal. | 0.01 0.003 | 0.008| 0.004| 0.003] 0.0008
A Chemical Composition (%)
Ti Fe N H
Bal. | 0.03 0.0084 0.0025
Chemical Composition (%)
C. S Mn P S Cu Cr Ni
. 0.087 | 0.003| 0.3¢ | 0.025| 0.02
L 0.12 | 0.2 05 | 001 | 003 | 01 | 008 ’
: 0.147 | 0.27 0.48 | 0.014| 0.03 | 0.275| 0.07 | 0.099
0.15 | Tr. | 0.4 | 0.00 | 0.016
'—; ©0.19 0.04 0.86 0.022 | 0.029
s 0.25 0.08 0.45 0.012 | 0.025
0.269] 0.28 | 0.53 | 0.01 | 0.012
. 0.43 | 0.26 0.74 | 0.022| 0.016
- 0.55 | 0.24 0.73 | 0.014| 0.016
0-06 | 0.087| 0.01 | 0.033[ 0.029

a7
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Table 4.2 List of Data Sheets.

Fig. No. Test Materials Treatment Strain Rate Range| Temperature Range
4-32 | High Strength Steel-I Hot Rolled — Annealed 0.3~ 10sec? 800~1200°C
33 ” B | : ” : v - ”
34 ” 10 ” » ”
35 ” ' -IV ” ” ”
36 ‘ ” -V ” ” ”
37 ” -VI ” ” ”
Fig. No. Test Materials Treatment Strain Rate Range| Temperature Range
4-38 | Low Alloy Steel-1 Forged — Annealed 3.5~ 30sec! 800~1200°C
39 ' ” -2 ” 3 . ”
40 ” -3 ” ” ”
41 ” . -4 ” ” ”
42 ” -5 w ” ”
43 ? ” —6 ” ” ”
44 ” -7 ” ” 1000 and 1200°C
45 ” -8 " ” 800~1200°C
46 ” -9 ” ” : ”
~ Fig. No. Test Materials Treatment Strain Rate Range| Temperature Range
4-47 | Low Alloy Steel-10 Forged — Annealed 3.5~ 30sect 800~-1200°C
48 ” -11 ” ” ”
49 ” . -12 ” ” ”
50 o -13 ” “un ”
51 ” o =14 ” ” ”
51 ° ” -15 7 ” ”
53 ” ~16 ” v ”
54 | 1% Cr-0.5% Mo Low Alloy Steel ” 0.8~100 sec™? ”
55 | 5%Cr-0.5 % Mo Low Alloy Steel] ” ” ”
Fig. No. Test Materials " Treatment Strain Rate Rangel Temperature Range
4-56 | 1294 Cr-1294 Ni Stainless Steel Hot Rolled — Annealed 0.8~100 sec™! 800~1200°C -
57 |129Cr-159%Ni  # ” ” »”
. B8 113%Cr ” ” ” : ”
59 [ 1394 Cr-Mo ” ” 0.2~100 sect »
60 |179%Cr ” Iz . 0.8~100 sec™ ”
61 | 179 Cr-596 Ni-596 Mo-Ti ~ ” o o
62 [179%Cr-1%Ni-Mo ~ : : ” ) ” ” |
63 | 1796 Cr-129¢ Ni-29% Mo’ Hot Drawn—> Annealed = | 197 ~527 sec™! 0~1200°C ~
64 | 179 Cr-1395 Ni-296 Mo' v C o : 1« PR
65 |[1795 Cr-149% Ni—Ti—W A Hot Rolled — Annealed .0.8~100 sec™? 800~1200°C
66 (a), (b} 1896 Cr-89¢ Ni v . o : ; 0. 2~650 sec* 0~1200°C
67 | 1896 Cr-894 Ni v : " 1197 ~527sect ”
68 | 1896 Cr-1296 Ni-Mo » 4 ” ' 0: 8~100 sec-! " 800~1200°C
69 {2295 Cr-13% Ni ” oy Hot Drawn - Annealed 197 ~527sec! - 0~1200°C
70 |2594Cr-209%4Ni  « ” ' ” v
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Chemicai Composition (%) ]
C Si- Mn P S Cu Cr Ni Mo v B
0.1 0.42 0.42 0.08 | 0.009| 0.3 0.74 0.37 ]
0.16 | 0.26 1.22 | 0.01 0. 005 ) 1 0.064
0.179 | 0.37 1.07 0.011 | 0.006 0.49 0.41 0.40 .0.003
0.12 | 0.26 | 0.78 0.015| 0.009| 0.34 | 0.51 0.87 0.4 0. 062 0.003
0.15 | 0.33 1.3 0.017 } 0.014 Nb: 0.066
0.164| 0.3 | 114 | 0.004| 0.005| 0.12 | 0.8 | 1.05 0.84 | 0.0036 {%‘i‘:’ 0.0
’ Chemical Composition (%)
C Si’ Mn P S Cu Cr Ni
0.32 | 0.39 0.44 | o.018] 0.019]| 0.12 | 3.42 | 119"
0.34 | 0.38 0.97 0.016 | 0.019] 0.12 | 3.4 | 1.24
0.3 0.36 0.54 | 0.014] 0.02 | 0.12 | 4.21 1.23
0.36 | 0.42 1.03 0.019] 0.019] 0.11 4,32 1.22
0.3 0.41 1,02 0.016| 0.017| 0.13 | 4.27 3.18
0.31 0.41 0.62 0.02 | 0.017| 0.13 3.18 | 3.12
0.32 | 0.47 1.15 0.027| 0.019| 0.13 | 3.16 | 3.12
0.32 | 0.43 0.57 0.02 | 0.022| 0.13 | 3.29 | 3.17
0.28 | 0.41 0.55 0.019| 0.018| 1.07 | 3.46 1.24
Chemical Composition (%)
C Si Mn P S Cu Cr Ni Mo Co Zn
0.34 | 0.48 2.18 | 0.025| 0.016| 0.13 | 3.42 1.24
0.33 | 0.47 2.29 0.022] 0.018| 0.13 | 444 1.27
0.14 | 0.41 0.78 | 0.014] 0.021| 0.13 | 3.04 1.13
0.14 | 0.36 0.80 0.014| 0.022| 0.13 | 4.00 1.13
.0.15 | 0.36 1.61 0.016 | 0.019] 0.11 3.09 1.22
0.18 | 0.36 1.68 | 0.017] 0.02 | 0.12 | 436 1.22
.0.18 | 0.7 0.53 | 0.017].0.019| 0.96 1.59 0.59 0.34 1.07 0.18
0.15 [0.1-0.35 0.3-0.6 | 0.03 0.03 0.8-1.2 0. 45-0. 65]
=<0.15 |=0.5 |0.3-0.6[<0.03 [<0.03 4-6 0. 45-0. 65|
- Chemical Composition (%)
C Si Mn P S Cu Cr Ni Mo
0.12 | 0.95 1.34 | 0.024| 0.005 12.79 | 12.34
0.021| 0.62 1,23 | 0.016 | 0.009 11.85 | 15.06
0.16 | 0.37 0.44 | 0.024 | 0.007 12. 62
0.12 | 0.12 0.29 | 0.014| 0.016 12.11 0.5 0.45
0.08 | 0.45 0.43 | 0.031| 0.005 17.38 | 0.31
0.05 | 0.45 0.68 | 0.021] 0.014 16. 47 4.7 4,25 |Ti=0.20
0.08 | 0.93 1.1 0.009 | 0.014 16.99 6.96 0.31 |A1=0.93| N=0.02| Se=0.063
0.06 | 0.52 | 1.4 0.035 | 0.005 17.25 |12.23 |- 2.17 :
0.035 |- 0.60 1.12 | 0.020| 0.006| 2.06 |16.99 |12.59 213
0.14 | 0.36 0.70 0.015 | 0.017 16.60 | 13.45 W=2.7 |Ti=1.07
0.08 | 0.49 1.06 | 0.037 | 0.005 18.37 | 9.16
0.07 0.71 1.07 | 0.03 | 0.005 18.34 | 9.56
0.07 | 0.67 1.34 | 0.03 | 0.01 17.29 |12.04 2.26
0.13 | 0.42 1.3 0.023 | 0.008 ] 22.3 12.99 ‘
0.12 1.26 1.56 | 0.01 0. 009 25.49 |21.28
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kg/ﬁm"'
i Al [Cu| Si|Fe|Mn| Mg
99.5]0.10{0.15 [ 0.50] 0.01 | 0.01
= Cold Drawn-? Annealed Vickers H.N.: 22
Specimen : 124X 18, 154X 22.5
B Apparatus Cam-Plastometer, Drop-Hammer
25 Measured by S.Hashizume ) ’
Aluminium
20,
| 0C
< B
e/ | 200°C
0
owm
5 N
0 ~ 100
s - N 3
5 i & 40
10
10
3
i 0.8
3 0.2
L 1 1 1

PR i L l I

0z 04 06 0
Natural Strain (&)

0

40

0.1 0.2 0.3 0.4 0.5

Range: 0.2~650sec-!.

1 ! 1 1 ! L 1 1 1 { ! ! » !
0 01 0.2 0.3 04 - 05 0 0.1 02 0.3 0.4 0.5 0.55

Conventional Strain (e) } B ) ‘
Fig. 4-1 Flow Stress-Strain Curves of Aluminium. Temperature Range: —T75°~500°C, Strain Rate
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Al

Cu

Si

Fe

Bal.

0.016

0.07

0.24

Extruded>Cold Drawn>Annealed|Vickers H.N. @ 244

Specimen

124X 18

Apparatus

Cam— Plastometer

Measured by K.Kenmochi

Aluminium

¢
200°C /Zﬁ//
o)

250°C

95sec”

01

”’“*07

1

0 0.2 0.4
Natural ‘Strain (¢)

0.6 0

1 1 J

<r

1 1 1
0.1 0.2 03 04 05

1 L 1 1 L
0 01 02 03 0.4

H 1 il ! !
05 0 01 02 03 0.4

Conventional Strain (e)

‘ Fig;..4-2 Flézw Stress-Strain Curves of Aluminium. Temperature Range: 18~500°C, Strain Rate

" Range: 0.1~10sec™.
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kg /mm?
| Al | Cu | Si | Fe Mn'| Mg
94.95| 3.50 | 0.10| 0.50 [ 0.50 | 0.45
. Cold Drawn-> Annealed
Vickers H.N.: 41
N Specimen @ 124X 18
Apparatus @ Cam— Plastometer
30 Measured by S.Hashizume:
(178)
Duralumin
S 300°C
n
S 20
i
LB
2
[
10
500°C
- . 305ec
0 1 . | 1 1
0.2 0.4 0.6 0
Natural Strain (e)
L 1 ! 1 L ] ! ! L ] I ! ]
0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 0.3 0.4 0.5
: ) ' Conventional Strain (e) )
Fig. 4-3 Flow Stress-Strain Curves of Duralumin. Temperature Range : 200§500°C, Strain Rate
Range: 0.2~100 sec. S
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kg/om? .
Cu |Sb | Pb | Fe | Ni | S | As [Pum
99.9510.0016/0.0028|0.0057(0.0038 0.001 |0.0004 00"003
Hot Rolled—> Cold Drawn-> Annealed
Vickers H.N.: .58
40 Specimen : 124X 18
Apparatus : Cam—Plastometer
i Measured by K.Kenmochi
u 99.9% Cu
Copper
30
300°C
: A .
0w
s 20
f% [\
; -
2 o
o 500°C
L 2.5sec”!
i 0. ’ .
! . g
10
700°C
i 2.5521‘-_1
0.1
2.5sec™!
0.1 900C
' 0 1 1 1 1
0.2 0.4 0.6 0.8
Natural Strain (e)
L £ t 1 1 ) 1 JER ' 1 1 J
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 - 0.4 0.5 . 0.55

Conventional Strain (e)

Fig. 4';4 Flow Stress-Strain Curves of 99.99 Cu-Copper. Temperature Range: 18~§00°C,

Range: 0.1~2.5sec™. .

Strain Rate
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kg/mm?
Cu | Sb [Pb | Fe [ Ni [ S| As |Boons
99.99]0.0006(0.0002[0.0017]0.0014]0.001 [0.0002] %',
Hot Rolled> Cold Drawn—> Annealed
Vickers H:N.: 48.5
o Specimen : 124X18
vc_.\ Apparatus ! Cam— Plastometer
. 2.58% 0.5 Measured by K.Kenmochi
| 18°C oL 99.99% Cu
Copper
30
i -
~

600C

10sec-!?

0.8
Natural Strain (e)
L— 1 ) 1 L ] I ] ] I ! ] ]
0 0.1 - 0.2 0.3 0.4 0.5 0.55

0 01 0z 03 0.4 05

Conventional Strain (e)

Fig. 4.5 Flow Stress-Strain Curves of 99.999% Cu—Copper Temperature Range 18~800°C Straln )

-1 .Rate Range: 0.1~10sec-1.
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T ) ) o kg/om? _
. “; : ) . " B ' Cu | Fe Pb | Sn Zn
oo - ’ ' . : 98.47 0.018 |0.0044[0.0032] Bal.
L - T : ) i ) : Extruded— Cold Drawn->Annealed B
T R s " 10sec”! Vickers H.N.: 58.7
"% -’ L : l Specimen i 104X 18
' SRR : 8°C 2.5 Apparatus ¢ Cam— Plastometer
~ ’ , 0.5 Measured by K.Kenmochi
T ] ] ‘”l 98% Cu—2% Zn
[ T ) ' Slow Brass
‘.' -
.- = . 30 -
; T ~ 400C | 200C
* . . : B p— /\ |
W
| B -
] 23
0 i ey - [o)
i Y 92
.: qlll)
i 5 20 o)
0
=
H n
= 600°C
o~ 2.5se -1
800°C
K
- / 01l o
).
A ’ - . 1 1 1 1 . 1 ‘ 1 }
e a 0 E 0.4 - 0.6 0 0.2 0.4 . 0.6 0.8
. Natural Strain (¢) ]
e : Y ) ] 1 ) 1 [ L ; 1 ] ]
"‘\» i < C 0 0.1 0.2 0.3 0.4 .- 0.5 0 0.1 0.2 0.3 0.4 0.5 0.55
A > 5 Co _ . Conventional Strain {e) -
a ) ' X .
o . Fig. 4.6 Flow Stress-Strain Curves of 989 Cu-294 Zn Brass. Temperature Range: 18~800°C, Strain
‘ I - . Rate Range: 0.1~10sec™™. . . .
’ 45
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X kg/om® Cu | Fe [ Pb [ Sn | Zn
‘.' 90.06 {0.033 ]0.0044[0.0032] Bal. | |
b Extruded-> Cold Drawn—> Annealed
. R Vickers H.N. - 59
: ™ Specimen : 104X 18
J ‘e L B Apparatus : Cam-— Plastometer
- i Measured by K.Kenmochi
) . | 90% Cu—10% Zn
\ . . Brass
: : ) 40
.
\
v 200°C SN
: ()
; B 400°C 055
- (Y
j 30
K ; =
)
o /
| -
', ' S B
| g 600°C
| & .
i n D .
) - .
- 800°C 0.1
= ) 10sec™?
i ;.
)'— : 0 1 : L 1 ! I 1 L
DRREE 0.2 04 06 0.2 0.4 0.6
“a R " Natural Strain (e)
= . N — 1 1 L 1 ] 1 1 ! 1
N o« 0 0.1 0.2 6.3 0.4 0.5 0.1- 0.2 0.3 0.4
s . R . Conventional Strain (e)
. . Fig. 4.7 Flow Stress-Strain Curves of 909 Cu-109%6 Zn Brass. Temperature Range: 18~800°C, Strain
- Rate Range: 0, 1~10sec-. .
. } 46
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Fig. 4-8 Flow Stress-Strain Curves of
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kg/mm’ .
- 10sec™? Co | Fe | Pb | Sn | Zn
79.21]0.0230.004 {0.0035| Bal.
3 o obs_l Extruded-> Cold Drawn-> Annealed
| 8 : Vickers H.N.: 68.1
1 Specimen : 104X 18
- Apparatus : Cam— Plastometer
50 /51 w Measured by K.Kenmochi
' 80% Cu—20% Zn
Brass
40 ————400°C
5 P
0seC
- 25
(§
g (S
~ 30
3
a |
@
&
172] -
Ed
2 o
[ B 600C
2.550c !
20 /0/( ? o=
L ' 800 .
0. e
- 10sec™! O
4 -
1 1 1 1 1
‘ o o2 0.4 06 0.8
Natural Strain (e) .
L 1 1 1 L t 1 1 1 1 1 1 |
¢ 01 02 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.55

Conventional Strain (e)

8094 Cu-2094 Zn Brass. Temﬁerature Range: 18~800°C,

Strain Rate Range: 0.1~10sec™. .
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i R : kg /mm?
s RN . F ] o Cu | Fe | Pb | Sn | Zn
UL e _ %5sec™ 169,92 [0.034]0.016]0.0088] Bal. A
. o n D P Extruded—>Cold Drawn->Annealed | Viekers H.N. : 57.5
) . . L ; L 18°C 0'.5 Specimen : 104X 18
: o o L 0.1 Apparatus : Cam—Plastometer
s el L L - | Measured by K.Kenmochi
T . ISIow o o
- o R 50 1 70% Cu—30%Zn
L et e . | ' ‘ ' Brass
3 T ) A o
N ‘ L 400°C .
Vo S K 200C
\:‘
40 P
;ﬁ
i &
. I ,‘:3’
. i 300°C by
. >
- ! 500 S
N E i sec"
. l a 30
a
i B
§ ek
) 5 .
‘ = | 600°C
1 -1
20
| - )/02/5(
i | 700 ‘ , /Ow,,o
- g . e
h -\ . |
| pseS 800°C
. : . R SN
107-&0-._4?/‘ N/O-\ o
/ | \)—0—1—0”0/0—
0 ] 1 1 1 L 1 ! L
v 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
’v— Natural Strain (e)
S [ ! 1 ! T 1 1 | Lol 1 1 I 1 1 g
oW RN 0 0.1 02 0.3 0.4 05 0 01 0.2 0.3 0.4 0.5 0 01 02 03 0.4 0.5 0.55
’ : . K \ Coo . Lo : . . Conventional Strain (e) S
AR L : Flg 49 Flow Stress-Strain Curves of 7096 Cu-3094 Zn Brass. Temperature Range 18~800°C,
e e '  Strain Rate Range: 0.1~10sec™.
' g 48
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kg./mm?
|- 1 Cu | Fe Pb | Sn | Zn
2.5sec 65.05| 0.017(0.0025}0.0072| Bal. :
3 " ’ 0 Extruded>Cold Drawn->Annealed |Vickers H.N. : 68.1
_18C il |Specimen © 105X18 :
Apparatus : Cam—Plastometer
Measured by K.Kenmochi
50 65%Cu—35%7Zn
Brass
z
"?0
400°C 200°C o
7 “.
<
40 N
92
RS
Q‘.\
30
600°C
20 Josec
29
)
| 1. ]
0.2 0.4 0.6
Natural Strain'(s)_
1 L] 1 1 1 1 1 1 1 | 1 J 1 1 1 1 1 J
0.1 0.2 03 0.4 0.5 0 0.1 02 0.3 0.4 0.5 ¢ 01 02 03 0.4 0.5 0.55
Conventional Strain (e) _
Fig. 4-10 Flow Stress-Strain Curves of 659 Cu-35% Zn Brass. Temperature Range: 18~800°C,
Strain Rate Range: 0.1~10sec™. '
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. kg/mm?

- 2.5cec-t .} Cu| Fe | Pb | Sn Zn

; ey 60.16 [0.025 [ 0.013 [0.0042] Bal.

: - 0.1 Extruded->Cold Drawn~> Annealed
. 5 Vickers H.N.: 83.2 )

. | . Specimen : 104X 18

' 6 /SIOW Apparatus : Cam— Plastometer

Measured by K.Kenmochi

60% Cu— 40% Zn

Brass

200°C

400°C

10sec™!

Flow Stress (o)

é‘ 05 - 600°C : 3
: - 0.1
;
700°C  2.5sec™!
t 1 1 ) 1 1
; 0 0.2 0.4 0.6 ) 0. . 0.6 0.8
‘ _' ) i ’ ""Natural Strai;-l (e) )
' | S 1 1 1 1 L 1 1 1 1 i }
: 0 0l 02 0.3 0.4 05 - 0 01 0.2 63 04 0.5 055

Conventional Strain (e)

Fig. 4-11 Flow Stress-Strain Curves of 6095 Cu-4096 Zn Brass. Temperature Range: 18~800°C,
Strain Rate Range: 0.1~10sec.
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e Co -_: : ’ kg /mm?
s : Ty ) L . Cu | Sn | P | Pb | Fe
R 98.4 | 1.50 | 0.062 [0.0152]0.0112
* K ‘ B Extruded—>Cold Drawn->Annealed Vickers H.N. ! 70.5
R ) | - ISpecimen : 104X 12(<400), 124X 18(>400C)
: Apparatus : Cam-—Plastometer 1
i Measured by K.Kenmochi
e i 98.5% Cu—1.5% Sn
\ N p | Bronze |
3
Y 1
' ; S
. : R
N
S
‘
=
2
i @
i & .
! ] 700°C
. -3
i 2
| - W
e ol
R /7
.
fn 10sec—1t
/
i 25.
)’-O" ;
)—-—/ 0‘5
. 16;/5 ] V ;
- ;. I ' h/ ’ i
: ' !
L I 0 { 3 1 i [ ' 1 L ! 1 ! !
T : 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 . 0.4 0.6 0.8
o S Natural Strain (¢)
- A 11 ! SO B R L . FO TN SN T 1 Lt
: : 0 01 0.2 03 0.4 05 0 01 02 03 0.4 5 0 01 0.2 0.3 0.4 0.5 0.55
; \_/. . Conventional Strain (e)
. ; ) . o Fig. 4:12 Flow Stress-Strain Curves of 98,59 Cu-1.5% Sn Bronze. Temperature Range: 18~800°C
vE L : Strain Rate Range: 0.1~10sec™ .
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. [ . kg /mm?
e St . ' CulSn| P [Pb] Fe
s _ R 94.5 | 5.35 | 0.135] 0.017 J0.0167
. . i 18%C - Extruded>Cold Drawn->Annealed [ Vickers H.N. ! 94.7 R
. s - 10sec ™ {Specimen : 10¢X 18( <4007 ), 124X 18(>400C)
, .. - Apparatus ! Cam —Plastometer
"' . Measured by K.Kenmochi
’ . 95% Cu—5%Sn
- ) : Bronze
L} . -
e
Y
: 200°C
v —_—
500C
oo _ 2.5sec™1 )
_ : < ]
i 2
} @ 0 A
f E . 0 ) 60 \I
—_ 23|
-1
- 800°C
:'D>J 7 25
. 0sec\1 r G .
. h 0.1 ’
/ . o 2
. 0.5 v )
: O /\ 0.5
. N
; 10 0.1
- 0 1 1 el 1 1 1 1 1 L 1
P . . N 0.2 0.4, 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
;— \'v I Natural Strain (e)
oL . - T L Il 1 1 1 ! 1 1 L 1 ! Il 1 L : ! 1 1 ! )
e . 0 01 02 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0 01 02 0.3 0.4 0.5 0.55
) : - \/ ‘ » Conventional Strain (e)
Yoo P Fig. 4- 13 Flow Stress-Strain Curves of 959§ Cu-5 / Sn Bronze. Temperatire Range 18~ 800°C,
.5 Strain Rate Range: 0.1~10sec™t.
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| SUZUKI, ET AL, —STUDIES ON THE FLOW STRESS OF METALS AND ALLOYS 191
kg /um?
’ Cu | Sn | P | Pb | Fe
- 92.78 | 7.03 | 0.138]0.0173/0.0171
- o Extruded>Cold Drawn->Annealed _ |Vickers H.N. ! 86.7
R | o5 Specimen : 10§X18(=400C), 124X 18(>400C)
S n / o) Apparatus : Cam—Plastometer
. ‘Qé’ Measured by - K.Kenmochi
- Y N 93% Cu—1%Sn
. / S Bronze
- . f i/
60 . V/
] 200°C
300°C
500°C
"\
ssz“ _

Flow Stress (o) -

2.55ec~1

/L

0.5 600°C
\Osc.._—o- 0

i 01"
10

0 1 1 : A 1 L L ' 1 H ] 1 1

0.2 0.4 0.6 . 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
' Natural Strain (e) '

L 1 1 ! 1 1 1 1 1 { L ' | 1 1 1 1 ! §
0 01 02 03 0.4 05 0 01 02 0.3 0.4 0.5 0 01 02 03 0.4 ) 0.5 0.55

Conventional Strain (e) )
Fig. 4-14 Flow Stress-Strain ‘Curves of 939 Cu-79 Sn Bronze. Temperature Range: 18~800°C,
Strain Rate Range: 0.1~10 sec-“.
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.'. . kg /mm?
' Cu | Sn P Pb Fe
S i B 90.2 | 10.0 |0.166[0.0191(0.0183
“ o - 18 Extruded ~Cold Drawn->Annealed | Vickers H.N. : 95.6
* . | Specimen : 104X 18(=<500°C) 124X 18(>500C)
. 7 Apparatus ! Cam—Plastometer
/ ‘ ) 0 Measured by K.Kenmochi
" 90% Cu~10% Sn
- / Bronze
. - - "
. ‘ - -
. ‘ X
200C : 300°C
v : )
600°C
AR ! . zssec\l
! ’; Jp
-
i @
. £
: 7}
¥
]
b £or gy .
. 5001 \
. 2,
] / o] R
. ) ]
. \\ 0.1 : a .
) i
. 0 1 1 1 | 1 ! i s | L 1 L
- - . 0.2 0.4 0.6 0 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
- 4.» . . ) Natural Strain (e)
e . R T T 1 S T S TR L It S DR S 1 NN N
- L N 0 01 02 0.3 0.4 0.5 0 01 02 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.55
s ~ — ’ . ‘ Conventional Strain (e) ’
L o Fig. 4.15 Flow Stress-Strain Curves of 9094 Cu-109¢ Sn Bronze: Temperature Range: '18~700°C, '
U Strain Rate Range: 0.1~10sec™.
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Pb | Cd | Fe | Cu | Sn

Zn

0.002 {0.0001/0.0007]0.0004|<0.0001

Hot Rolled

Vickers H.N. I 32

Specimen : 84X12, 10$X22.5

+ Cam—Plastometer
Apparatus I o, “Hammer

50

650sec-1

Measured by S.Hashizume

Pure Zinc

5C

i 1

& |800C

0.2 0.4 0.6
Natural Strain (&)

1 L

— L
0 01 02 o

L L 1 L L '
0 01 02 03 0.4 0.5

Conventional Strain (e)

L 1 1
0 01 0.2 03 0.4

Fig. 4-16 Flow Stress-Strain Curves of Pure Zinc. Temperature Range: —75~300°C, Strain Rate
Range: 0.2~650sec™.
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I e e kg/mm? ] .
L T o v - Pb [ Cd [ Fe | Cu | Sa | Zn
. PR . . s L : : 0.286 | 0.068 | 0.0071[0.0011{0.0016| bal.
[ - o : ' ; ' ’ : Hot Rolled
;- ’e B Vickers H.N. : 38
. N | . Specimen : 84X 12
Co o i - ) © Ap‘paratus ¢ Cam—Plastometer
’ R S tL ; f Measured by S.Hashizume
TN . DI £ . . |
s : ‘ : o
.‘ B co. o : .'. ’ ' o ) -
- - . - Zine—1
o D e X 75°C o
» 5 E . . RS . 30 -
" - Ol - £
R . 0oy
B . o -
. @
: : & 3.5
. ) w |
\ T E
: B 20
. i i
. 300°C
10
. - B
0 3 1 1 ! 1
0.2 0.4 . 0.6 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
) : Natural Strain (¢) ’ :
= e : Lt 1 1 ) f L ! | L L 1 L= ' ) i L )
. R 0 01 02 0.3 0.4 0.5 0 01 02 03 0.4 0.5 0' 0.1 0.2 0.3 0.4 0.5 0.55
‘ : ’ ‘ ' v ’ Conventional Strain (e)
e R ) Fig. 4-17 Flow Stress-Strain Curves of Zinc-1. Temperature Range: 0~300°C, Strain Rate Range: 0.8~
. S S : 100 sec-t, i o
 .’ R
A 4
: 56
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| v .“*. - “ “ l » “}1 i kg/mm? .
BT S S Pb | Cd | Fe | Cu| Sn
e e e e T - - 10.287 |0.072 [0.0011{0.0018]0.0022
N . o Ll ‘! 1 ’ Hot Rolled ' Vickers H.N. © 38
o Specimen : 84X12
. ! | o Apparatus : Cam—Plastometer
: o
\ : i 0 Measured by S.Hashizume
E )
. H o 0C _Zinc—2
‘:' B .
7 30
g _150C
: " B
. : £ 5 7
% 1 »n oosec\
, 3 s L BN
i s 4
o [ <
o v 20 /)
o % '
f 0.8
T
oLt A :\\ o%c\
R 0 /Q\W\( 0
g B %
0 1 1 |' 1 1 1
) 0.2 0.4 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
A . . . _ o : _Natural Strain (e)
. P 1 1 (3 ] ] 1 ! L. 1 ! . 1 1 ] 1 [l 1 i 1 ,
AT IR . 0 01902 03 0.4 0.5 0 0.1 02 0.3 0.4 65 0 0.1 02 0.3 0.4 0.5 0.55
- L C ) o ) . Conventional Strain (e) ‘ .
. e e ‘ ‘Fig. 4-18 Flow Stress-Strain Curves of Zinc-2, Temperature Range: 0~300°C, Strain Rate Range: 0.8~
STl T 100 sec. ‘ :
) .
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’ SRR kg /mm? }
R v Pb | Cd| Fe | Cu | Sn| Al | Mg | Zn
A _ 0.007100.0007}0.0006|0.001 20.000300.0096[0.0059] bal.
. I ot R : Hot Rolled Vickers H.N. I 36
/ . . Specimen : 84X 12
kS - Apparatus : Cam— Plastometer
PO E 40 Measured by S.Hashizume
S S ! |
. Zine—3
Vv . i
. I':{ 30
s F
- "
- n -
. Q
: 5
B 20
-
o 300
‘l
, T "_ . o 0 I L ! 1 1 L
ol 0.2 04 06 0 02 04 06 0 0.2 04 0.6 08
_ Natural Strain (¢)
s o —l L 1 1 1 ¢ 1 I 1 L 1 1 ]l A ! L 1 J
s [ . . 0 01 02 0.3 0.4 05 0 0.1 02 03 0.4 05 0 Q.l 0.2 0.3 0.4 0.5 0.55
b c o s P L . Conventional Strain {e) :
e ‘\_, e S Fig. 4-19 Flow Stress-Strain Curves of Zinc-3. Temperature Range: 0~300°C, Strain Rate Range: 0.8~
. T 100 sec-1. ; . .
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kg /mm?
Mg | Al | Zn | Mn Si | Cu Ni
i Bal. | 0.01 [0.003]0.008 [0.004 [0.003 }0.0008
Extruded->Cold Drawn->Annealed |Vickers H.N. : 41.9
| Specimen : 12¢X18
\ Apparatus . Cam—Plastometer
R “ 0.1sec! Measured by K.Kenmochi
A .
A N
L o\ Magnesium
A \b .
N
30 N
% 0.5
| Y
] 25 (A8C
[\
)}
- '
Slow
o
~ 20
0
«
&
]
i L
Ed
=
< B o
300°C
w
10 7
N
0 1
' 0.2
Natural Strain (¢)
L ! L 3 L TR ! - 3 J 1 ! L L ' ]
0 01 02 03 0.4 05 0 0.1 02 03 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.55

Conventional Strain (e)

Fig. 4-20 Flow Stress-Strain Curves of Magnesium. Temperature Range:

~10sect,

18~500°C, Strain Rate Range: 0.1
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: ke /on’
. Ti [ Fe | N | H
) . Bal. | 0.03 0.0084[0.0025
" o Hot Rolled—> Annealed
e . w Vickers H.N.: 142 )
) .. Specimen : 124X 18
e | Apparatus : Cam~— Plastometer
K . Measured by K.Keamochi
v - i Titanium
s
v .
) "." 30 Vo il
3
‘ y g
| L2
| S
- s
i =]
3 2
|
\ Natural Strain (¢)
0; 1 I I I o I ! 1 I 1 ! ’
. 0.1 0.2 03 0.4 05 0 01 0.z 03 0.4 0.5 0.55
).' - Coaventional Strain (e) .
I o - Fig. 421 Flow Stress-Strain Curves of Titanium. Temperature Range: 400-~900°C, Strain Rate Range:
LRI 0.1~10sec-1, ‘
© . ._L
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SUZUKI, ET AL.—STUDIES ON THE FLOW STRESS OF METALS AND ALLOYS 199
. ‘.“.'_‘ N S K , . ’ kg /mn® )
SN SR S C [Si|M] P[5
e ' oo o : ‘ 0.087]0.003| 0.34 {0.025] 0.02
“ 1 [~ .
e ’ Hot Rolled~> Annealed
- , | Vickers H.N.:
; s . 2 Specimen : . 84X 12
\ S : K %0 Apparatus : Cam— Plastometer
; - o e . Measured by Y.Yabuki, Y.Ichihara, S.Nakajima
i 0.08%
o i Carbon Steel
i -
{ . i _ - .
S . ' 800°C o B 900°C
. 20 -
; < -
) = 10se¢ ' Q
2
5
! )
3
. 3
| 1000°C
1200C
Lo o ' ! ! ! 1 ! ! 1
e L - - 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
K Natural Strain (e) )
. ,~ L | l : 1 1 1 1 ! 1 1 L 1 1 !
. . 0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.55
. R : ' Conventional Strain (e) .
) Fig. 4-22 Flow Stress-Strain Curves of 0.08% C Steel. Temperature Range: 800~1200°C, Strain Rate
o . .Range: 0. 3710 sec™h.
e .
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,“ L“,-; . ) kg/mmz
o ' : L C[Si|Ma| P | S| Cu
BN . . ’ S . ) ‘ ; 0.12{0.2010.50 | 0.01]0.03]0.10
R T . Forged—> Annealed Cr
. o | Vickers H.N.: 107 0.08
Specimen @ 8¢4X12, 124X 18
* . e ) 30 . . Apparatus : Cam-Plastometer
e o et T ' : - ‘ ) : Measured by S.Hashizume
R - t ' 0.12%
o T Al o ' " Carbon Steel
v
’ 0
20
0
w
o
5
5 n
. Ed
; H
i Py
' 10
i 0.8
= 0 1 ! ! I 1 ! I ] ! ! ! L
0.2 0.4 0.6 0 0.2 . 04 0.6 0 . 0.2 0.4 0.6 0.8
' Natural Strain (e) _
| S L ! 1 ! L I ) L L ! L (I |
0 0102 03 0.4 05 0 0102 0.3 0.4 05 0 01 02 03 0.4 0.5 0.55
. ) . . Conventional Strain (e) :
S ) . F;g 4.23 Flow Stress Strain Curves of 0.1294C Steel. Temperature Range 800~~1200°C, Strain Rate
» N . ) Range 0. 8~100 sec™1, .
:l g ;
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. . . kg/mm?
: P
‘o . T C | Si Mn P S Cu Ni Cr
R ) T . | . ) 0.147| 0.27 | 0.48 {0.014 | 0.03 |0.275]0.099 0.07
A TP : | Hot Rolled~> Annealed
o R ' | ' Vickers H.N.:
R » A ‘ - Specimen : 84X 12
. . LT f 30 . Apparatus . Cam-— Plastometer .
N ’ ‘Measured by Y.Yabuki, Y.Ichihara,S.Nakajima
v - -
L K Coad i 200C . Carbon Steel
_— . 900°C
{ B /\
(v}
T 2 )\o\
. =
< 4 ’\\
: ]
7]
. Ed
- 2
2 \
10
' 1100C K
; 1200°C .
. L - . . N | ! L L 1 ! ] !
Co v Y 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
'-‘_' R L oL o . ) . L . - . .. Natural Strain (e)
S i~ ) : . LL 1 ! ! [ 1 I I 1 1 1 ] J
S : 0 01 02 0.3 0.4 0.5 0 0.1 02 0.3 0.4 05 055
= R ) - . ' ) Conventional Strain (e)
' w . : e . ) Fig. 4-24 Flow Stress-Strain Curves of 0. 1594 C Steel. Temperature Range : 800~1200°C, Strain Rate
R » Range: 0.3~10sec-t, : :
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. . . kg/mn® ‘
Clsi|[Mm|[P s
o Do B 0.15 tr. | 0.40 0.01 [0.016
in . oL ’ . = . Forged—> Annealed
N - i o 0C . Vickers H.N.© 110 ) o
. S B v - ‘;‘8 Specimen : 8¢X12, 15¢X22.5
R - o c
ot R ) 6 608 10 | Apparatus : Cam-— Plastometer, Drop— Hammer
P v . Measured by S.Hashizume
L i 0.15%
v - : R Carbon Steel
e
(W )
o 50
v o
; 40
! C
-3 (]
H ©w
ld . o
) - 5
! 2
A 2
& 30
: '
i
- : 20
10
- @
’ B 13
1 ) ! I
90 0.2 0.4 0.6
e R I o ) Natural Strain (e)
oo . — ! L X L 1 L ! I 1 ?
. _' RS S 20 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 . 0.5 0.55
RN ' - ) . ' ~ Conventional Strain (e) o
) "‘ o - Fig. 4-25 Flow Stress-Strain Curves of 0.159¢ C Steel. Temperature Range: 0~1200°C, Strain Rate
T e : ‘Range: 0.2~650 sec-?, :
s
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~ kg/mm®

C|lsSi|lMm]|P | S
0.19¢ 0.04 1 0.86 {0.022]0.029
Hot Rolled—> Annealed
Vickers H.N.:

Specimen : 84X12
Apparatus : Cam— Plastometer

Measured by Y.Yabuki, Y.Ichihara, S.Nakajima

0.2%

30

Carbon Steel
a ) 800°C

900°C

Flow Stress (o)

L 1 : ] 1
0 0.2 0.4 0.6 0.8

Natural Strain ()

L 1 i 2 1 1 L 1 L ! 1 1 )
0 0.r 02 - 03 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.55

Conventional Strain (e)

Fig. 4-26 Flow Stress-Strain Curves of 0.296 C-Steel. Témperature Range: 800~1200°C, Strain Rate
Range: 0.3~10sec™%. _ B

A F
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_ e o oy . kg/mn;"' )
St aiel T T o c [si|MmlP s . SN
R R : - ‘ 0.25 | 0.08 ] 0.45 | 0.012]0.025
Lot o Forged-» Annealed
o e — : Vickers H.N.: 123
' ARt i | Specimen : 124X 18
. DR - L 800C ) Apparatus : Cam— Plastometer
o T Measured by S.Hashizume
& Ly . 30
Lo S - 0.25%
. ’. ™ Carbon Steel
v
. 1000%C
@ Dk
M
-~ n b
ES
K
HER . ' 10 . 30sec !
o 10
3-5 +
i i
: } 0 1 1 1 1 1 | I 1
0.2 0.4 0.6 0 0.2 0.4 - 0.6 " 0.8
. ' ’ Natural Strain (&) o
I —_ ! L ! 1 1 1 - 1 L 1 J
o T 0 o1 02 03 0.4 05 0 .01 02 03 0.4 . 0.5 0.55
')—Q" N l o S . -:Conventional"Strain (e) . -
l;" et R - ‘ . . Fig. 4:27 Flow Stress-Strain Curves of 0.25% C Steel. Temperature Range: 800~1200°C, Strg._i_n:._Raté .
ARSI : Range: 3.5~30sec™ ' . S S ’
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. o : SR ) kg/um?
RN C [Si | M| PS5
oo § s ' 0.269] 0.28 | 0.53 | 0.01 {0.012
; . B [ : Hot Rolled-> Annealed
N : L i : | » . - Vickers H.N.:
5 ' ' ‘ Specimen © 8X 12
: ot | %0 Apparatus : Cam— Plastometer
v s LT : _ : . |Measured by Y.Yabuki, Y.Ichihara, S.Nakajima
S = - 0.27% ,
o o § 1 : . 1 800C Carbon Steel
L 20
~ F
A} ~
0
. 3 L.
; b o]
- n
o -
R =
Co B
10
B 1100°C
. 1 1 1 1
. A v 0 0.2 0.4 0.6 0.8
' - ’ o v v o . Natural Strain (¢)
LT Lt 1 1 1 ! 1 il 1 ! ! S ]
S S : S0 01 02 0.3 0.4 05 o0 01 02 03 0.4 0.5 0.55

* . Conventional Strain (e)

. T o K » Fig. 4-28 Flow Stress-Strain Curves of 0.2796 C-Steel. Temperature Range: 800~1200°C, Strain Rate

N \/ Range: 0.3~10sec™",
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kg /mm? .
: C Si Mn P S
| 0.43 ] 0.26 | 0.74 {0.022/0.016
Hot - Rolled-> Annealed
- | Vickers H.N. :
¢ 1 Specimen : 84X 12
! 30 ’ Apparatus : Cam—Plastometer ° N
‘Measured by Y.Yabuki, Y.Ichihara, S.Nakajima -
i 800°C i ) ) :
0.45% :
| 10seq . Carbon Steel
L 900C_
IOl 2 '
w 20 —
@ ) }
h .

- U - .
Ed -
S ;
‘L‘ -

‘ 0;
- /\
<
R
%
10 -
03
1000°C ‘
0 |- ol 1
0.2 - - 0.4 )
v Natural Strain (e)
| I W T - (I R R B N
0.1 0.2 03 0.4 ~ 05 0 o1 02 03 04 05 055
» . :Conventional Strain (e)
Fig. 4-29 Flow Stress-Strain Curves of 0. 4596 C-Steel. Temperature Range: 800~1200°C, Strain Rate
Range: 0.3~10sec™t, ’ - ’
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kg /mm?
i C Si | Mn P S
B 0.55 | 0.24 | 0.73 [0.014[0.016
1 Forged-> Annealed
oh A Vickers H.N. I 142
3 800°C Specimen : 124X 18
Apparatus : Cam— Plastometer
30 Measured by S.Hashizume
0.55%
- Carbon Steel
1000°C
20 ;
B N
10
0 1 T L L 1
0 0.2 0.4 0.6 0.8
Natural Strain (e) )
L L1 L L I TR | L ] ! 1 |
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.55

Conventional Strain (e)

Fig. 4-30 Flow Stress-Strain Curves of 0.55% C Steel. Temperature Range: 800~1200°C, Strain Rate
Range: 3.5~30sec™t. .
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kg/mm?
C Si | Mn P S i
- : 0.96 10.087 0.91 {0.033]0.029
g Hot Rolled-> Annealed
- Vickers H.N. :
Specimen : 84X 12
% Apparatus ! Cam— Plastometer
o Measured by ¥.Yabuki, Y.Ichihara, S. Nakanma
- 800C 0.95% “
Carbon Steel
10880\1 '
3 800C
n 20 2
@ B )
b :
AL [ oﬂ 2
2 S
= : ’
B | ’\0\ :
L 1033‘;1'
o~
. Secs
10 7 2
0.3
1000°C
0 1 1 ) ) : y L
0.2 0.4 0.6 0 0.2. 0.4 0.6 0.8
Natural Strain (¢)
[ ] 1 | ! | DR o 1 | )
0 0.1 0.2 0.3 0.4 0.5 -0 0.1 0.2 0.3 0.4 0.5 0.55
Conventional Strain (¢)-
Fig. 4-31 Flow Stress-Strain Curves of 0. 9594 C-Steel. Temperature Range: 800~1200°C Strain Rate
Range: 0.3~10sec™2.
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kg/om? . . .
C Si Mn P S Cu | Ni |[Cr
| 0.10 | 0.42 | 0.42 | 0.08 [ 0.009 0.30 | 0.37 [.0.74
Hot Rolled—> Annealed
Vickers H.N. : '
i Specimen @ 8§X 12
%0 Apparatus ! Cam— Plastometer

Measured by Y.Yabuki, Y.Ichihara, S.Nakajima

B 800°C ' (Cor—Ten) v
High Strength Steel— I

900°C

0.2 0.4 0.6 0 0.2 0.4 0.6 . 0.8
Natural Strain (e) .

[l ] I 1 I ] J

1 i 1 1 1
0102 0.3 0.4 0.5 ¢ 01 0.2 0.3 0.4 . 0.5 0.55

Conventional Strain (e)

o

Fig. 4.32 Flow Stress-Strain Curves of High Strength Steel-I. Temperature Range: 800~1200°C,
Strain Rate Range: 0.3~10sec™. .
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kg/mm?

C[S [Mm ][ P] SV
8 0.16 | 0.26 | 1.22 | 0.01 | 0.005/ 0.064
’ Hot Rolled~> Annealed
B Vickers H.N.:
Specimen @ 84X 12
% Apparatus ! Cam— Plastometer
o Measured by Y.Yabuki, Y.Ichihara, S.Nakajima’
= o (FTW—60)
. )
B 800°C High Strength Steel— [
.20
.
10
1100°C
0 ] | 1 L
: 0.2 0.4 0.6 0.8
. Natural Strain (e)
[ ] 1 1 ] ! ! ) ! L L 1 )
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 - 0.4 0.5 . 0.55
Conventional Stfain (e) »
Fig. 4:33 Flow Stress-Strain Curves of High Strength Steel-II. Temperature ‘Range: 800~1200°C,
Strain Rate Range: 0.3~10sec".
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kg/mm?
C Si P S Ni Cr | Mo
0.179 0.37 | 1.07° | 0.011{ 0.006| 0.41 | 0.49 } 0.40
i Hot Rolled~> Annealed 5= ol
Vickers H.N.:
i Specimen : 8¢X 12
301 Apparatus : Cam— Plastometer

i

Measured by Y.Yabuki, Y.Ichihara , S.Nakajima

(HT—170)
" High Strength Steel—1I

900°C

1200°C
0 1 : ] 1 [ 1 ! 1 . 1
0.2 0.4 0.6 0. 0.2 0.4 0.6 0.8
Natural Strain (e)
L 1 L 1 | i [ ! L 1 1 1 1
0 01 02 03 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.55
Conventional Strain (e)
Fig. 4-3¢ Flow Stress-Strain Curves of High Strength Steel-III Temperature Range: 800~~1200°C, .
Strain Rate Range: 0.3~10sec™™. . c - : i
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Co L kg/mn® :
o R j» - . C|Si | M| P S [ Cu| Ni | Cr
S i , 0.12 { 0.26 | 0.78 [ 0.15 10.009] 0.34 | 0.87 | 0.51
o L T . . - Hot Rolled>Annealed M0 ae! 0”000
SN L . a o v Vickers H.N. ¢
AR S : Specimen : 8¢X12
' ot b . % Apparatus : Cam— Plastometer
A ' 'A P o : Measured by Y.Yabuki, Y.Ichihara, S.Nakajima
el L | sooc (HIZ) |
' i High Strength Steel—IV
\;.
. LT . C2— Kr O~
o St ) o
N n 105
o
5 —
m °,
3 1000C
J5 B B LA A
[N o
2
i 0.3
-1
10 1055
R -/ 2
" 0.3
~ B 1100°C ’ﬁ
| 1200C
FPCEE . ‘ 0 ! 1 . I 1 L ) 1 : !
Lo LT : 0.2 0.4 0.6 0 0.2 04 0.6 0.8
) Lo B ' - Natural Strain (e)
s L 1 ) 1 1 1 A ] ! ] 3 ! . J
g 0 01 0.2 0.3 0.4 05 0 01 02 0.3 04 0.5 0.55
: k . .~ e _ - Conventional Strain (e)
. X g
. K E Fig. 4-35 Flow Stress-Strain Curves of High Strength Steel-IV. Temperature Range: 800~1200°C,
p | : Strain Rate Range: 0.3~10sec. .
‘. .
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DA kg /un? ,
R o Clsi[m] P s
R ) B 0.15( 0.33 | 1.3 |0.017{0.014
o o ] ‘ Hot Rolled-> Annealed
N S ' . Vickers H.N.:
T Lo ™ . 800C —— -
P LT Specimen : 84X12
: 30 Apparatus @ Cam— Plastometer
1 Measured by Y.Yabuki, Y.Ichihara, S.Nakajima
0
NI _ “‘_ é\ (HT—1)
L T @ : .
S i Ny L High Strength Steel —V
RS T 20 Y
T e =
* ! ‘.
! ST 1000°C
o o
&
4 =
& 2
. &=
1200°C
R )
oo B ’ 0 ! ! L 1 L 1 : 1 —
Lo 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
* Natural Strain (e) ’
e S L 1 ! 1 1 ! 1 L ] o 1 R SR |
0 A 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 04 .05 055
- L Conventional Strain (e)
I : Fig. 4.36 Flow Stress-Strain Curves of High Strength Steel-V. Temperature Range: 800~1200°C,
v Strain Rate Range: 0.3~10sec™, : . ) '
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kg /mm® .
C Si M| P | S Cu | Ni | Cr
| 1.64 | 0.39 | 1.14 | 0.004{0.005{ 0.12 | 1.05 | 0.80 _
Hot Rolled-> Annealed V= ond] P oons o ges
i 800°C Vickers H.N. : 7| .00
Specimen : 84X 12
0 Apparatus Cam— Plastometer
3 Measured by Y.Yabuki, Y.Ichihara, S.Nakajima
(HT— 100)
High Strength Steel—1V]
-1
10sec o
T T\o\
900°C |
20
10
1 1200°C
0 ] 1
0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
Natural Strain (e) '
' ! L \ 1 | | 1 ! L I
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 Q.4 0.5 0.55
" Conventional Strain (e)
Fig. 4-37 Flow Stress-Strain Curves of High Strength Steel—VI Temperature Range: 800~1200°C,
Strain Rate Range: 0.3~10sec™t.
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Conventional Strain (e)
Fig. 4:38 Flow Stress-Strain Curves of Low Alloy
" Steel-1. Temperature Range : 800~1200°C,
Strain Rate Range: 3.5~30sec™.

SUZUKI, ET AL.—STUDIES ON THE FLOW STRESS OF METALS AND ALLOYS 215
CISi[Ma[P[ STCu[Cr[Ni] |
0.32(0.39/0.440.018/0.019 0. 12[342[1 I | ClSi|Mn[ P S[CulCrNi| ]
Forged— Annealed Vickers H.N. 0. 34J 0. 38|0 97]0 016|0 019[0.12] 3. 44]1 24 |
Specimen . 84X 12 | Forged—> Annealed Vickers N.H. *
Apparatus : Cam— Plastometer Apparatus . Cam— Plastometer
Measured by S.Hashizume Specimen : 84X12
Measured by S.Hashizume
. Low Alloy Steel—1 X
kg /mm : ‘Low Alloy Steel—2
. kg /min*
30
oy 30
| o
0 800C i
i 3.5 i
3 1000°C N -
—_ . . ] 30sec]
v 20 -
: O 20
$ i w L
& @
R 5
3 © i
=]
E I I
=
ol— . '_\ 3 \ . 0 1 i ! !
0.2 0.4 - 0.6 0.8 0.2 : 0.4 0.6 0.8
Natural Strain (&) Natural Strain (¢)
L 1 . ! ) { I L | { | ! L J
0 01 02 0.3 0.4 0.5 0.55 0 01 02 0.3 0.4 0.5 0.55

. Conventional Strain (e)

Fig. 4:39 Flow Stress-Strain Curves of Low Alloy
Steel-2. Temperature Range: 800~1200°C,.
Strain Rate Range: 3.5~30sec™. '
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C|Si[Mn] P S Cu]Cr[Ni] |
0.30{0.360.54]0.014]0.02} 0.124.21|1.23] |
Forged—>Annealed

| Specimen 84X 12
Apparatus . Cam— Plastometer
[ Measured by S.Hashizume

Vickers H.N. ¢

. Low Alloy Steel—3
kg/mm*

30

Flow Stress (o)

Natural Strain (¢)
)

L 1 1 L 1 !
0 01 0.2 0.3 0.4 0.5 0.55
Conventional Strain (e)

o Fig. 4-40 Flow Stress-Strain Curves of Low Alloy
S Steel-3. Temperature Range : 800~1200°C,

Strain Rate Range: 3,5~30sec.
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ClSiMn[P[SCulJCr[Ni] |

0.36(0.4211.03 10.019[0.019[0.11[4.321.22 | |

Forged~> Annealed Vickers H.N. :

Specimen : 8¢X12

Apparatus ! Cam— Plastometer

Measured by S.Hashizume

- Low Alloy Steel —4
g /mm

i’low Stress (o)

ol ] . . 1 ! .
be 0.2 0.4 0.6 0.8
‘Natural Strain (e)

[ ! ! ! L ]
-0 01 0.2 0.3 0.4 0.5 0.55

Conventional Strain (e)

{Fig. 4-41 Flow Stress-Strain Curves of Low Alloy
Steel-4. Temperature Range : 800~1200°C,
‘Strain Rate Range: 3.5~10sec™.
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ClSi[Mi[P[SJCu[Cr[Ni] [
0.3010.41}1.02{0.016/0.017(0.13]4.27|3.18] [
Forged—> Annealed Vickers H.N. :
Specimen : 84X 12 .

[Apparatus . Cam— Plastometer
Measured by S.Hashizume
Low ‘Alloy Steel—5
kg/mm?
i / ( 800°C
- 1000°C
= )
o - 30sec”
[
a"' 20
. O
E T = =
= ’,Of 5
i 7
L/ 1200C
o S
10 30se%
- ’,o—’ —'-0-3—5. -
i 10 ,’,
P
0 ! I ! ]
0.2 0.4 0.6 0.8
Natural Strain (e)
1 | 1 L 1 |
0 oI 0.2 0.3 0.4 0.5 0.55

Conventional Strain (e)

Fig. 4-42 Flow Stress-Strain Curves of Low Alloy

Steel-5. Temperature Range: 800~1200°C,
Strain Rate Range: 3.5~30sec.
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ClSi{Ma] P [S[CulCr Ni| |
0.31]0.41[0.62]0.02]0.017[0.1313.18]3.12] {
Forged-» Annealed Vickers H.N. :
Specimen 84X 12
| Apparatus _© Cam— Plastometer
Measured by S.Hashizume
: Low Alloy Steel—6
kg/mm?
=L
0
w
£ 20
w
S 2
=2
E: -
10
" 3 L !
v 0.2 0.4 0.6 0.8
Natural Strain (e)
L ] 1 1 il | J
0 01 02 0.3 0.4 0.5 0.55

Fig. 443 Flow Stress-Strain Curves of Low Alloy

Conventional Strain (e)

Steel-6. Temperature Range : 800~1200°C,
Strain Rate Range: 3.5~30sec™,
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?; o . o . ) CISi[Mn| P [ STCu[Cr[Ni] |
',, Lo S . 0.32]0.43[0.57[0.0210.022/0.1313.29[3.17] [
SRR Co - ) ) Forged—> Annealed Vickers H.N. :

e . . : . ’ Specimen _: 83X 12 L.

o S R : . ) ) Apparatus . Cam— Plastometer

. ' ' : Measured by S.Hashizume

v ’ _ L ' 3 . Low Alloy Steel—8
. o R ‘ kg /mm?
R I ClsSi|Mn] P]S[CulCr[Ni| | -

a e -10.3210.4711.1510.0270.016]0.13]3.16 3.12] ] 10sec”? '
v e ) Forged-» Annealed Vickers H.N. : - - . o
o : Specimen . 84X 12 S~ :

Co T |Apparatus © Cam— Plastometer - 800°C

Lo L » Measured by S.Hashizume i A

Low Alloy Steel—7
; kg/mn? - i
! > L e
. ! - ‘; 1000°C
R | {11000 ST
w 20 et z 20
A ; £l P '30;&}110 SR
o (] Vs 3.5
i 2 L y/ s
{ = W i
- 10 10
AR . - .- . } . , , . 0 . \ | n
: 0 0.2 0.4 0.6 0.8 . ,0’2 0.4 © 0.6 0.8
Natural Strain (e) . Natural" Strain (e)
;o ) ) . L | { L | [ ! | I ! t ! ! !
0 01 02 0.3 0.4 0.5  0.55 0 01 02 0.3 0.4 0.5 .0.55
Conventional Strain (e) - Conventional Strain {(e)

- R L Fig. 4-44 Flow Streés-Strain Curves of Low Alloy: Fig. 4-45 Flow Stress-Strain Curves of Low Alloy‘
TR s Steel-8. Temperature 1000 and 1200°C, Steel-8. Temperature Range : 800~1200°C,
R : ¢ . ) ) Strain Rate Range: 3.5~30sec™!. Strainh Rate Range: 3.5~30sec,
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CISiiMa[P|S[CulCr[Ni | ]|
0.28]0.4110.55(0.0190.018[1.07[3.46]1.24| |
Forged-> Annealed Vickers H.N. ©
Specimen : 84X12
Apparatus : Cam— Plastometer
Measured by S.Hashizume .
Low Alloy Steel—9
kg/mm*
B 800°C
o
30
3 5
g -
5
w20
2
S L
=
10,
0N 1 A1 1 1
v 0.2 0.4 0.6 0.8
) Natural Strain (¢)
L 1 ol 1 ! 1 J
0 01 0.2 0.3 0.4 0.5 0.55

Conventional Strain (e)

Fig..4-46 Flow Stress-Strain Curves of Low Alloy

.+ Steel-9. Temperature Range : 800~1200°C,

Strain Rate Range: 3.5~30sec™.

CISi[Mn[P ]S CulCr N[ ]
0.34]0.4812.180.025[0.016(0.1313-42[1.24 | |
| Forged-> Annealed Vickers H.N. :

| Specimen 84X 12

Apparatus . Cam— Plastometer
|Measured by S.Hashizume

Low Alloy Steel—10

kg ‘mm*

Flow Stress' (o)

.0 L 1 L 1 .
0.2 0.4 0.6 0.8
B Natural Strain (¢)
L ! ] 1 1 1 ]
0 01 o2 0.3 04 0.5 0.55

Conventional Strain (e)

Fig. 4-47 Flow Stress-Strain Curves of Low Alloy
Steel-10. Temperature -Range: 800~
1200°C sec-!, Strain Rate Range: 3.5~30
sec™3, )
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c[si

Mo P [ S [CulCr | Ni]

0.33]0.47[2.2910.02210.018[0.1314.44]1.27]

Forged-> Annealed Vickers H.N. :

Specimen

84X12

| Apparatus -

Cam~— Plastometer

Measured by S.Hashizume

e/ Low Alloy Steel—11
g/mm

30 : 10sec=1

(]
=]

Flow Stress (o)

10

0 L 1 ! 1.
A 0.2 0.4 0.6 0.8
Natural Strain (e)

L 1 1 1 L
0 0.1 0.2 0.3 0.4
Conventional Strain (e)

1 ]
0.5 0.55

Fig. 4448 Flow Stress-Strain Curves of Low Alloy
’ Steel-11.  Temperature Range: 800~
1200°C, Strain Rate Range: 3.5~30sec,
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ClSi[Mi[P[S [CulCr[Ni] ]
0.14]0.41]0.78[0.014[0.021[0.133.04[1.13] |
Forged— Annealed Vickers H.N. :
Specimen © 8¢X12

Apparatus - Cam— Plastometer
Measured by S.Hashizume

Low Alloy Steel—12

kg/mm? -

Flow Stress (o)

0.2 0.4 0.6 0.8
Natural Strain (¢)
1 ] 1
.0_ 0.1 0.2 0.3 0.4
i Conventional Strain (&)
Fig. 4:49 Flow Stress-Strain Curves of Low Alloy
Steel-12. Temperature Range: 800~
1200°C, -Strain Rate Range: 3.5~30sec,

1 )
0.5 0.55
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: L C[Si[Mn|P[S [CuJCr|Ni] ] C|Si|Mn| P[S [CulCr[Ni| |
Yol L i 0.14]0.36[0.8010.014/0.022[0.13]4.00{1.13] | 0.15[0.36]1.6110.0160.015[0.11]3.09]1.22] |
N T RS ' : Forged-> Annealed Vickers H.N. & Forged—> Annealed Vickers H.N. : -
;. . . e S Specimen : 84X12 . Specimen - 84X12 e
I < Apparatus . _Cam— Plastometer - [Apparatus : Cam— Plastometer
T . Measured by S.Hashizume i Measured by S.Hashizume
R i ‘Low Alloy Steel—13 .LO\_V Alloy Steel—14
K oLt . kg/mm® i kg/am*
LY 30 ) 30
v . i 800°C I '
. ) ot B
. e [ < [
1 0 et
: £ 20 a 20
5 &
- 1 g B w
s I : ot
i [
. i i
L] H
. : f |
-f ™
Ea 10 10
R . . . . e . N o i L L 1
: 0 0.2 0.4 0.6 0.8 e 0.2 0.4 0.6 - 08
, _ S . Natural Strain (e)
. ) Natural Strain (e) L \ ) R L
DI e L ' . 0 0l 02 03 0.4 0.5 0.55
‘ ~ L 0 01 02 03 0.4 0.5 0.5 ‘ Comedtmal Seovts () "
e . . . ‘ Conventional Strain (e) nventional Strain (e %
. - : Fig. 4.50 Flow Stress-Strain Curves of Low Alloy Fig. 4-51 Flow Stress-Strain Curves of Low Alloy
Sl ot L Steel-13. Temperature Range: 800~ . Steel-14, Temperature Range: 800~

1200°C, Strain Rate Range: 3.5~30 sec™™. 1200°C, Strain Rate Range: 3.5~30sec™.
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_ CSi[Ma]lP[S CulCr N[ ]
U : 0.18]0.3611.68(0.0170.02(0.12]4.3611.22| | : v '
oo . . Forged> Anncaled Vickers H.N. : , ClSi|Mn[PTS[CulCr]Ni|Mol%n
R I . |Specimen :_84X12 .18]0.70(0.5310.0170.019/0.961.59]0.59| 0.34 %15
DR B Sl Apparatus | Cam— Plastometer Forged-> Annealed Vickers H.N. :
/- [ R . : . Measured by S.Hashizume ‘|Specimen : 84X 12
¢ : . o
‘. . ot | Apparatus © Cam— Plastometer
- . Low Alloy Steel—15 - g Measured by S.Hashxzumew
et e T kg/mm? .
ST - - . Low Alloy Steel—16
A} S R : - 800°C " ‘kg/mm"‘ -
. - S R 10sec
T 3 R — 3
R i ,_%‘g//v ’ | _800C _
B AT R -4 T~ ——0 . 10sec~s
v R . . i i ) ' B ) Cz:%
. A R /,y . =~ o~
o ) o 3 - ’ A ’
e I 1000°C F 10001, o
T CLs ) ) 2 ' 30sec”! RCY 20 2055
2 S G ] o P SO
: ~ ‘%, - ; %g_fo— ‘ 'U'_IO O= — =0 § | /0\/
" - e
’ YT G 2 35 e T
I—E i // %?——o———&_‘)— g i (/_
‘ | g S ,
| g : 1200C
; " 1200°C 30sec”! B : S0sec -
H 10 e e e 10} - 10
o e
S . i i
S o ! ] 1 1 1 . 1 1
RS S0 0.3 0.4 0.6 0.8 0 0.2 Y T ]
- Natural Strain (e) Natural Strain (e) ’
. NS - R . L 1 I I hd 1 1 ] | 1 ! 1 I 1 ] o
IR o0 ol 0.3 0.4 0.5 055 0 01 02 03 0.4 0.5 0.55 %
’ : - ) Conventional Strain (e) : ) Conventional Strain (e)
e E . Fig. 4:52 Flow Stress-Strain Curves of Low Alloy Fig. 4.53 ' Flow Stress-Strain Curves of Low Alloy -
L L Steel-15. Temperature Range: 800~ - Steel-16. Temperature Range: 800~

1200°C, Strain Rate Range: 3.5~30sec !, 1200°C, Strain Rate Range: 3.5~30sec™
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kg /tim*

Flow Stress (a)

C|Si|{Mn|P}| S |Cr
0.15[%175.351>* 0] 0.03] 0.03]%%_,
Forged-> Annealed Mo
Vickers H.N. @ 138 045 s
Specimen : - 84X 12, 124X 18
Apparatus . Cam-Plastometer
30 . Measured by S.Hashizume

1% Cr—0.5% Mo
Low Alloy Steel

900°C

- 800°C |
- 1000C

100sec”!

P

0=

20
230

10 Came

3.5

0.8

10

'0 L i ] 1 L 1 1 H 1 1 1

i
%z 04 06 0 o0z 04 06 0. 02 04 06 08
Natural Strain () C i '

L N L 1 1 I L L L1 1 1 1v
0 01 02 03 04 05 0 0102 03 0.4 05 0 01 02 03 0.4 0.5 0.155 '

Conventional Strain (e)

Fig. 454 Flow Stress-Strain Curves of 196 Cr-0.59¢ Mo Low Alioy Steel. Temperature Range:
800~1200°C, Strain Rate Range: 0.8~100sec™.
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- ’ A kg /m® . ) ) 1
R . S ’ - ‘ : Clsi|Mm|P|s|cr
SR T " . ‘ : : =0.15/<050[%3~, T<003|=<0.03[4~ 6
’ ,'.' R AL . T : o ' © |Forged-> Annealed . Mo
ST - - : , : Vickers HN. : 136 |°%,,,
R - , ‘ , ) * |Specimen 84X 12, 124X 18
e ot : . : ) Apparatus : Cam-Plastometer
. - BT 30 j Measured by S.Hashizume
o . R V 5 S0C 900°C 5% Cr—0.5% Mo
oo O o Lo . Low Alloy Steel
. p g
Ly i .
5 10
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[ 0.8
N .3 " 3.5 .
- s | 7 | ¥; |
S A A .
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E E N el 1 1200°C
‘ : 2 co =
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IO L | , "
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Py L 1 1 1 i I 1 I 1 1 o il
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J N | 1 1. L 1 I L ] L : 1 1 I [ I 1 i
0 0102 03 _0.4 . 0.5 0 91 0.2 03 - 04 0.5 0 0.1 0.2 0.3 0.4 . 0.5 0.55
- ) - ) : ' Conventxonal Strain (e) o
EA ) ’ . . Fxg 4. 55 Flow Stress Strain Curves of 5/ Cr~0 5% Mo Low Alloy Steel. Temperature Range

800~1200°C, Strain Rate Range 0. 8~100 secT,
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o S kg /om* .
AT _ - C IS I m[Pls crlm
B ST ‘ 0.12 | 0.95 | 1.34 [0.024]0.005|12.79 | 12.34
DRI S 40 | Hot Rolled> Annealed
o (“ . s . B V i Vickers H.N. :
s I Specimen : 84X12
R : . | ’ ] Apparatus . Cam-— Plastometer
e - Measured by S.Hashizume
S e | B0 N 12%Cr—12%Ni
R : : , y/—(h\ ' Stainless Steel
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900°C
R
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0
n
o
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. w
- Ed
2
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b ‘ 10 %
1100°C.
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o . . : 0 . L 1 - A ] L
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- - T N : L ] 1 ; ! i L ] ] ! ] L L ]
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\/,‘ o o ' Conventional Strain (e) ‘
e T o Fig. 4-56 Flow Stress-Strain Curves 6f‘12% Cr-1296 Ni Stainless Steel. Temperature Range: 800~1200°C,
e e B " Strain Rate Range: 0.8~100sec™. .~ )
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_ kg/mm?
C Si Mn P S |Cr | Ni
n 0.021) 0.62 | 1.23 { 0.016] 0.009 | 11.85 | 15.06
Hot Rolled—> Annealed
B Vickers H.N.:
! Specimen @ 84X 12
s Apparatus ! Cam-— Plastometer
|Measured by S.Hashizume
- 12%Cr—15%Ni
| 800.C Stainless Steel
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900°C
20
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—'0‘-_83'\ 'o"gs ~
- -~ *\‘3’\3@?
- / o
Je 1200C
/
0 1 | ! 1 ] I ! 1
0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
Natural Strain (e)
S R ! 1 I ] ! i ! L 1 1 )
0 01 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.55
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Conventional Strain (e)

Fig. 4. 57 Flow Stress-Strain Curves of 1294 Cr-159 Ni Stainless Steel. Temperature Range 800~1200 °C,

Strain Rate Range 0.8~100 sec-t.
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_kg/mm?

C|Si[Mo| P |'S |Cr
0.16 {0.37 | 0.44 [0.024]0.007]12.62
- ) Hot Rolled-> Annealed Vickers H.N. © 158
Specimen @ 154X 22.5
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Measured by S.Hashizume

40 .
13%Cr
i Stainless Steel
i 800°C
30 S —
] 100sec™ 900°C
xS .
gL 1000C
o
g -
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1o . ’ N
Ej\k—*\l:\; — / ' @tﬁwr“
) : '5

1100°C 0

1
/

3 1200°C 35
- 100sec™! 0.8
10 %J
- %
3
0 ! i 1 L i | .l 1 . |> | | ' i
0.2 0.4 0.6 0 0.2, 0.4 0.6 0 0.2 . 04 0.6 0.8

Natural Strain (e)

el 1 | TR T R B 1 T D N ! 1 L
0 0.1 ¢2 0.3 0.4 0.5 0 0.1.0.2 0.3 v0.4 05 0 01 0.2 0.3 0.4 0.5 0.55
Conventional Strain (e) v

Fig. 4-58 Flow Stress-Strain Curves of 139 Cr Stainless Steel. Temperature Range: 800~1200°C,
Strain Rate Range: 0.8~100sec™,
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o o kg /mm*? )
A . ' C[Si|[Mi]P[S]Cr
LT o o - 0.12] 0.12] 0.29[0.014]0.016{12.11
T T S . -900C o~ | Ni | Mo -
S i A 0.50] 0.45
- . T 100sec Hot Rolled—> Annealed
Lo TR '. : 20 C / Vickers H.N. : 155
. - R Specimen @ 84X 12
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T . ' ‘ 13%Cr—
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. ;'_’ . a »
. Ea | .
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v ] g B 0
~i E 5
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U 10 7
- // - _1000°C
!
' 0 ] I L 1 TR N - ! L L 1 )
0.2 04 0.6 0 0.2 04 06 0 0.2 0.4 0.6 . 08
» Natural Strain (e) o :
Lt ! L4 I L I R T S L )
0 0.1 0.2 03 0.4 05 0 01 0.2 0.3 0.4 0.5 0. 0.1 0.2 0.3 0.4 0.5 0.55
a ) Conventional Strain (e)
. )
i ’ Fig. 4-59 Flow Stress-Strain Curves of 13% Cr-Mo Stamless Steel Temperature Range: 800~1200°C,

Strain Rate Range 0 2~100 sec"
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kg /mm?
C|{Si{Mn|P ]S |Cr|N
[ 0.08 | 0.45| 0.43(0.031]0.005{17.38] 0.31 { . :
L Hot Rolled-> Annealed Vicker H.N. @ 162
Specimen @ 8¢X12 ’
& Apparatus : Cam— Plastometer
’ 50 Measured by S.Hashizume
17%Cr - ‘ ‘
Stainless Steel
i 800
40
o
RO § /
2 30
@
B -
0
Ed =
2
u‘ -
20
1200C
!
- " 100sec
1 L 1 1 L 1 1

0.2 0.4 0.6 0 0.2 04 0.6 0.8

Natural Strain (e)
| ! I )

1 1 |

] ] 1

1 .} 1 1
0.1 0.2 03 04 65 0 0.1

1 1 [
0.2 03 04 05 0 01 02 03 04 0.5 0.55

Conventional Strain (e)

Fig. 4-60 Flow Stress-Strain Curvés of 179 Cr Stainless Steel. Temﬁeratﬁre Range: 800~1200°C,

Strain Rate Range: 0.8~100sec™.
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o :f',' “ ' A kg/mm’
' Clsi|mm|P]| s [c | Ni[Mo
SE e : ‘ 0.05 | 0.45 | 0.68 [0.021] 0.014 | 16.47] 4.71 | 4.25
Ceees oL o 0 Hot Rolled~ Annealed Ti
SRR A , Vickers H.N.: 0.20
o ;‘ R B K ‘ Specimen ¢ 84X 12
T e ’ . Apparatus : Cam— Plastometer _
o . . - 1, N
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R : - 17%Cr— 5% Ni—5%Mo— Ti
- S S ) . . \\ Stainless Steel
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v { 0 20
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.' : (. ) ) L 1 ] ] t 1 1 1 l_- 1
0 0.1 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5 0.55
- N Conventional Strain (e)
)-- lFlg Y4.61 Flow Stress-Strain Curves of 179 Cr-59 Ni-596 Mo-Ti Stainless Steel. Temperature Range:
PR ) 800~1200°C, Strain Rate Range: 0.8~100sec™,
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T N ke/mn? ,
tedos 40¢ : ‘ - -
. C |Si{Mn| P | S |{Cr! NijMo!Al| N | Se
;‘.' o R ; . : B : -] 0.081 0.93] 1.10 |0.009/0.014{16.99] 6.96 | 0.31 | 0.93 | 0.02 [0.063
T o e ‘ 100sec”’ | Hot Rolled-> Annealed Vickers HN. . 154
e B /‘0 O~ | Specimen :_ 15¢4X225 - )
.~ L . o Apparatus © Cam—Plastometer
. . e ! | . Measured by S.Hashizume
- e ‘ , 17%Cr—7% Ni—~Mo—Al
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\:l -
- 5 900°C _1000C
; 30sec™!
=
w0
o,
5
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3 .
= Ad
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~ i I . ' E
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; ") e : ‘ 0 L ) L L ! I L 1 "l ] L I
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v . = Natural Strain () )
e ; [ R 1 L1 1 1 1 ] | S N T S | ! 1
ST T . -0 01 02 0.3 0.4 05 0 01 0.2 03 0.4 0.5 0 01 0.2 0.3 0.4 0.5 0.55
= ' Conventional Strain (e) »
- : R . Fig. 4-62 Flow Stress-Strain Curves of 179 Cr-796 Ni-Mo-Al Stainless Steel. Temperature Range:
o i T _ 800~1200°C, Strain Rate Rangé: 0.8~100sec™. ‘
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’ o o S e . ‘kg/mm’ v ) .

P T , Clsi[m]PrP s e | Ni
f . s ) o . 527séc'1 0.06 | 0.52 | 1.40 |0.035{0.005] 17.25] 12.23
R T B . . . Hot Drawn—>Annealed . Mo

B 0C| 461 " | Vickers H.N.:

S R ) .

S ERETE . O F ’ : : Specimen © 15¢X22.5
: . : o . o : ' 106 - 393 Apparatus ! Drop—Hammer
A ; T RIS : 9, Measured by S.Hashizume
ST 312
Mo T ' ' 1 17%Cr—129%Ni~ 2% Mo
- S e L 200C
T : . 1 Stainless Steel
L ot . o L A61sec . .
S D A . 197 1 s -
A / 3z | : ' '
R © 80 60[— ;
SR - 400 r
. ' ok 527sec”) - ' . ‘
3 Sl o lswe |
. : S 461 ~ L ‘ su1®
N a 461
; ¢ . _ 393
i ‘& F 393 312 * 312
.; 60 /{ .‘,G-lsec_:. 40 —
1 - 461se°
i ' - 12
B 3 312
) B 527sec™
O
2 461
- A 20 ' =393
312
- 197
B 1200°C
M 3 | -
o . ) - . ) | , . . .
ST e . ,200 0.2 0.4 0.6 v 0.2 0.4 0.6
oo V Natural Strain (e)
. o e [a 1 ! 1 ) J L { 1 1 |
e 0 01 02 0.3 0.4 001 0.2 0.3 0.4
‘ - Conventional Strain (e¢)
. ‘ ; ) . ) Fig. 463 Flow Stress-Strain Curves of 1794 Cr-1294 Ni-29§ Mo Stainless Steel. Temerature Range:
T . ‘ . ) 0~1200°C, Strain Rate Range: 197~527 sec-t.
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- PO .. “ kg/mmz
T ’ o C | Si | M| P|S |CulCr
o "f ) -, ‘| ' o . 527“;1 ‘ 0.035] 0.60 1.12 0.029 }0.006 5126 Llh?:.99
o : ! . . : Hot Drawn-> Annealed 1259 |2.13
. i Vickers H.N.
: R - Specimen : 154X 22.5
A L TL ’ >100 ‘|Apparatus : Drop— Hammer
e BN i Measuréd by S.Hashizume
\ - . -
J 17% Cr—13%Ni—2%Mo
Y Stainless Steel
) kg /mm?
- 60
i
oo
. 1 _— o
’ = 800°C
1 m 527sec
j 2 461
& 393
5 60 40 312
. i .2
: <3
o 461sec’
‘»‘ QO
:
o 312
B _1000°C
-1
~ 527sec B
; 20 461
393
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. 197
. )
: 0.6 0.2 0.4 0.6
S Natural Strain (e)
R T L 1 ] 1 1 } L 1 ) ! 1 )
L R 0 0.1 0.2 v 0.3 - 0.4 0 . 0.1. 0.2_ ’ 0.3 ‘ 0.4
- _\ ) \_/ : - Conventional Strain {e)
R e Fig. 4:64 Flow Stress-Strain Curves of 1794 Cr-139¢ Ni-296 Mo Stainless Steel. Temperature Range:
. ) 0~1200°C, Strain Rate Range: 197~527 sec-, : o
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kg /mn? v
Clsi|Mm|P|]s]c [N |
40L : 0.14 | 0.36 | 0.70 {0.015]0.017/ 16.6 | 13.54] 1.07
. . Hot Rolled—> Annealed * e \il
i - Vickers H.N.: 160 2.70
800°C P Specimen : 84X 12
| 1005ec 00— Apparatus Cam— Plastometer
Measured by S.Hashizume
n 17%Cr—14% Ni~Ti— W
0 ,’-—0"“ Stainless Steel
B h)
30
- ™~ | s00rc R
| . . 20seC
B 10007C 10
3 -
n 3.5
1]
g o<
u; | _‘C*‘EOSEC 1 »
e \‘O\\
e :
- "‘m‘?ﬁ
~
. ~Q
10 —=O- =
L 1100°C
;‘ - ——o—.——ér——o"“(%\ '
B/ e
s o,
| 1200°C
0 1 i | ] y ] ] |
o 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8
- Natural Strain (e) ) ) 7
J N 1 1 1 1 1 i I} ! 1 1 - L J
0 01 0.2 0.3 0.4 05 0 01 0.2 0.3 04 0.5 055
Conventional Strain (e¢)
Flg. 4-65 Flow Stress-Strain Curves of 1794 Cr-1494 Ni-Ti-W Stainless Steel. Temperature Range:
800~1200°C, Strain Rate Range: 0.8~100sec-t,
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130

C Si Mn P S Cr | Ni

0.08 | 0.49 | 1.06 |0.0370.005] 18.37] 9.16

Hot Rolled>Annealed

Vickers H.N. : 145

Specimen :-84X12, 154X 22.5

110

Apparatus ¢ Cam-Plastometer, Drop-Hammer

Measured by S.Hashizume

o \ 18%Cr— 8%Ni
el »

0C ‘@Q,, ke /mm? Stainless S teel

ha
. 60

90

g
/

50

40

30

i H I} 1 0 { L [l !
300 0.2 0.4 0.6 0.8 2 0 0.2 0.4 0.6 0.8
Natural ‘Strain (¢) : '
- 1 1 S | 1 ] [AEE—" 1 ! L L ]
0 0.1 02 03 0.4 0.5 0.55 0 0.1 0.2 0.3 , 0.4 0.5 0.55

-Conventional Strain (e)

Fig. 4:66 (a) 4 Flow Stress-Strain Curves of 1894 Cr-89¢ Ni Stainless Steel. Temperature Range:
0~400°C, Strain Rate Range: 0.2~650sec™!.
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kg/om? —
o/ . C[si[Mi]P |5 |C M
5 . ) 0.08 | 0.49 | 1.06 |0.037;0.00518.37 | 9.16
' . ' Hot Rolled—> Annealed
- o ' Vickers H.N. I 145 -
50 : Specimen : 84X 12, 154X 22.5 .
Apparatus ! Drop—Hammer,Cam—Plastometer
N Measured by S.Hashizume
| 18% Cr —8% Ni
Stainless Steel
= kg/mm?
40 40 T
800°C
Qc 30
= -
2 u
2
@
5 B
2
& |
20
10
0 1 1 1 ) 1

0.8 . 0.2 0.4 0.6 . 0.8
Natural Strain (e)

L L ! 1 {

! | Il !
.0 01 02 03 - 0.4 0.5 0.55 -0 0.1 0.2 0.3 0.4 05 055

Conventional Strain (e)

Fig. 4-66 (b) Flow Stress-Strain Curves of 189 Cr-89 Ni Stainless Steel. Temperature Range:
. 600~1200°C, Strain Rate Range: 0.2~8650 sec-t. .
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Tedes I C|Si |Mn. P ]S |C | Ni
: e ) : f.',: ’ T . : 0.07 | 0.71-{ 1.07 | 0.03 [0.005]18.34| 9.56
o RE | . o | Hot Rolled—>Annealed
s o o _ - -
. o 527secl Vickers H.N.:
SRt - __0C 461 v : Specimen : 15¢X22.5
- : 100 1 B » Apparatus : Drop— Hammer
- / Measured by S.Hashizume .
A f
J 18% Cr— 8% Ni
' = >
v ; : Stainless Steel
5 kg/mm?
Sl 393
80 391 60
. . : 197 . =
. o @ O . -
P 0
i
‘ -
. )
{ 3‘5?;
’ i N &
! "
; 2
i ]
i 0
=~ Ed
) 2
2N
1200C |
i ’ '
) 0 ] ! 1
. 0.6 0.2 0.4 0.6
L Natural Strain (¢) “
- ’ . . ! .
“ ST L 1 1 i ) ) 1 ) 1 ) S !
=~ e . 1] 0.1 0.2 0.3 04 0 0.1 0.2 0.3 0.4
- ) \'/ . Conventional Strain (e)
,*‘ : ., S ' . Fig. 4-67 Flow Stress-Strain Curves of 1894 Cr-89¢ Ni Stainless Steel. Temperature Rarigé: 0~1200°C,
N e . . . Strain Rate Range: 197~527 sec™t, : ' .
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kg /an? )
C|[Si|Mn| P| S|Cr| Ni|Mo
- . . 0.07|0.67 | 1.34]0.03 | 0.01 [17.29(12.04[2.26 | .
a Hot. Rolled-» Annealed Vickers H.N, © 140
. Specimen 1 84X 12 ' :
- ) Apparatus | Cam— Plastometer
50 Measured by S.Hashizume
o 182 Cr—12%Ni—Mo
Stainless Steel.
40
30

Flow Stress (a)

. . . :

| 1200

-
c

.10
L ) V(?—TJ_O-N
10 ——0.8
.
0 1 1 1 1 L 1 1 L 1 I L 1.
0.2 0.4 0.6 0 0.2 - 04 0.6 0 0.2 0.4 0.6 0.8
) _ Natural Strain (¢) ’
ol I\ L ! 1 1 1 ! 1 1 ! T L N TR

0 0102 03 0.4 05 0 01 02 03 04 05 0 01 02 03 04 0.5 0.55

Conventional Strain (e)

Flg 468 Flow Stress-Strain Curves of 189§ Cr-129¢ Ni-Mo Stainless Steel. Temperature Range:
800~1200°C, Strain Rate Range: 0. 8~100sect,
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kg/mm?® " . ) .
r Clsi|M| P | s]|ce| N
0.13 } 0.42 [ 1.30 {0.023{0.008{22.30 | 12.99
Hot" Drawn—> Annealed '
Vickers H.N.:
Specimen @ 154X 22.5
200 Apparatus Drop— Hammer
Measured by S.Hashizume
22% Cr— 13%Ni
Stainless Steel
kg /mm?
80 60 — ]
60 40
40 20
] i L - 1 L 1
209 0.4 0.6 0 0.2 0.4 0.6
Natural Strain (e)
b 4 A 4 : ! J L i 1 1 : I |
0 01 02 0.3 0.4 , 0 01 0.2 0.3 0.4

Conventional Strain (e)

Fig. 4-69 Flow Stress-Strain Curves of 2294 Cr-1396 Ni Stainless Steel. Temperature Range: 0~1200°C,
Strain Rate Range: 197~527 sec™1, . : o :
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) . kg/mm )
s g B 527sec_‘1 c Si | Mn | P S Cr Ni
o oe 61 - 0.12 [ 1.26 ['1.56 | 0.01 | 0.009|25.49] 21.28
B A |, ———— 393 Hot" Drawn—> Annealed
O 2R AR ' ' Vickers H.N.: ‘
PRI , B 312 » Specimen © 15§X22.5
; L 10 0/6'4615“ Apparatus : Drop— Hammer
o oD I 312 o Measured by S.Hashizume
v B . 25% Cr— 20/N1
. 200C .
. [ i - Stamless Steel
. "' |
' 197
90
0
' : ~
: .
! H
- H
! 0
: 3
! L 70
: B
: "
B
s 312
. ~ 50
) /4 1200°C
. )
i L ! 1 1
-3 0.6 0 ~ 0.2 0.4 0.6
) _ DR C : ‘ Natural Strain (e)
R R 1 I ! j L ! | 1 ! j
- ‘gi,‘ g . . : 0... 0.1 0.2 0.3 0.4 0 - 0.1 0.2 0.3 - 0.4
' : N - v - :Conventional. Strain (e)
S o ' Con o Fig. 4-70 Flow Stress-Strain Curves of 259§ Cr-209¢ Ni Stainless Steel. Temperature Range: 0~1200°C,
S o . . " Strain Rate Range: 197~527 sec-1,
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